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Electroviscosity
I. The flow* of liquids between surfaces in close proximity
B y  6 . A. H. E l t o n ,  Chemistry Department, Battersea Polytechnic
(Communicated by J . Kenyon, F.R.S.— Received 20 December 1947)
The conditions governing the rate o f flow o f ionic and non-ionic liquids in narrow channels 
are exam ined, and it is dem onstrated that in certain circumstances the electrical resistance to  
shear in ionic liquids, due to the effect o f an electrical potential gradient on the ions of the 
surface layers, m ay assume considerable importance relative to the m echanical (viscous) 
resistance to shear. The results of this analysis are of im portant application in various fields, 
and offer an explanation of anomalous results obtained by  numerous experim ental workers.
-V .
1 . I n t r o d u c t i o n
In  recent years a num ber of workers have devoted considerable attention to  the 
behaviour of th in  films of liquid between two interfaces (liquid/solid, liquid/liquid 
or liquid/gas) when subject to  forces tending to reduce the film thickness. For 
example, Derjaguin & Kussakov (1939  a, b) and Derjaguin (1940) studied the be­
haviour of gas bubbles in close proxim ity to various solid surfaces in water, in dilute • 
aqueous salt solutions, and in various non-aqueous liquids. Eversole & Lahr (1941 b) 
studied the separation produced between quartz surfaces by the condensation of 
a  water film between them, and Buzagh (1937) studied, inter alia, the sedimentation 
of glass disks in aqueous salt solutions. Generally, the conclusions reached were 
th a t such films, up to  a thickness of several hundred Angstroms, exhibited certain 
anomalous properties. Derjaguin & Kussakov reported th a t if a  pressure were 
applied to such a film, its thickness did not decrease indefinitely, b u t took up a 
definite equilibrium value corresponding to  th a t pressure. In  aqueous solutions, for 
any given pressure and surfaces, the equilibrium film thickness was a function of 
the  ion concentration, decreasing as the ion concentration increased. For a water 
film between a water/hydrogen and a water/mica interface, the equilibrium thickness 
varied between 1700 A a t 1000  dynes/cm .2 pressure to 300 A a t 14,000 dynes/cm.2.
The equilibrium distances of separation between two charged plane surfaces 
immersed in a liquid (and subject to  no external forces which would tend to reduce 
the separation) have been calculated theoretically by Verwey & Overbeek (1946) 
and Levine & Dube (1939), and found to be of a much lower order (0 to  50 A); 
Schofield (1946) has performed calculations which lead to equilibrium distances of 
separation similar in .some cases to  those of Derjaguin & Kussakov, b u t fail to 
account for the effect of ion concentration.
Some of the experimental work in this field has been criticized by the writer 
(Elton 1946), and this criticism will be extended in a future publication. The present 
paper will be confined to  the discussion of a phenomenon which is of crucial im port­
ance in systems of this type, and which has not previously been recognized by workers 
in this field. Preliminary experimental evidence for the  existence of this effect is 
given in the paper immediately following. N
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2 . V i s c o s i t y  e f f e c t s  i n  t h i n  l i q u i d  f i l m s
W hen considering the stability of a liquid film subjected to pressure between two 
interfaces, it  is essential first of all to examine the effect of ordinary viscous resistance 
to  shear which will delay the attainm ent of any equilibrium state. The attainm ent 
of such a sta te  m ay involve the lapse of a considerable period of time, depending on 
the size and shape of the interfaces and the initial and final distances of separation 
(see § 3). In  addition, if the liquid is ionic and has a finite electrokinetic (£) potential 
a t one or both of the interfaces, an additional retarding force m ust be taken into 
account.
W henever an electrical double layer a t an interface in an ionic liquid is sheared, 
a potential difference, known as a streaming potential, is set up in the plane of shear. 
This potential difference will tend to resist the flow of liquid owing to the electrical 
retarding force acting on the ions of the double layer. In  § 4 i t  is shown th a t in th in  
films of liquid, this effect can assume great importance, with the result th a t the 
to ta l resistance to approach of two surfaces in an ionic liquid m ay greatly exceed 
the corresponding resistance in a non-ionic liquid of the same bulk viscosity.
3. Viscous r e s i s t a n c e  t o  a p p r o a c h  o f  t w o  s u r f a c e s
IN , A NON-IONIC LIQUID
In  1886, Reynolds showed theoretically th a t the approach of two plane parallel 
disks of radius a , under a force mg in a liquid of bulk viscosity 7] was governed by the
e q U a t i 0 n . 1)
4mg U§ h2J’ .
where h% is the distance of separation between the two surfaces a t tim e t, and 7q is 
the initial separation.
H ardy & Bircumshaw (1925) give an expression (derived by G. I. Taylor) for the 
approach of a sphere of radius of curvature R  to a large flat plate, under the action of 
a  force mg in a liquid of bulk viscosity tj :
Qm]R2 hxt =  — -— l n ^ .  2)mg h2
Both of these equations lead to infinite values of t for zero final separation, bu t 
equation (2 ) leads to values of a lower order of infinity than  equation (1). T hat is to 
say, under equal forces, a sphere will approach a plate very much more rapidly than  
will a plate of the same order of size, immersed in the same liquid.
Differentiation of equation (1) leads to  the expression
dh2 2mgh\
dt Snr/at ’ (3)
and differentiation of equation (2 ) leads to
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so th a t for parallel plates the velocity of approach is proportional to  the  cube of the 
distance of separation, while for a sphere approaching a plate, the velocity of 
approach is proportional to  the first power of the distance of separation.
Before proceeding any further it  m ust be emphasized th a t equations (1) to (4) 
m ust be applied only to cases involving a statistical num ber of molecules. For 
example, it  would not be -legitimate to apply these equations down to values of h2 
of say 10 A. In  the absence of any complicating phenomena, however, it should be 
permissible to  apply these equations down to quite small distances of separation 
(at least to 1000  A, possibly approxim ately to  100 A). I f  this is done, it  is found th a t 
the rate  of approach of parallel plates is very slow compared with the ra te  of approach 
of a sphere of similar dimensions to a plate. Table 1 gives the calculated times of 
approach of (a) a circular plate of radius 1 cm. to a similar plate, and (b) a sphere of 
radius 1 cm. to a large flat plate, in both cases under a force of 1000  dynes in a liquid 
of bulk viscosity 0*01 poise, and from an initial height of 1 cm. I t  is seen from table 1 
th a t the time taken for a plate to  reach a distance of separation of the order of a few 
hundred Angstroms is considerable. A distance of separation of 1000  A is reached 
in about 70hr., and a distance of 100 A in about 7000 hr. The calculated rate  of
approach a t the former distance is 2 x lO-11 cm./sec. (Such a value has, of course,
no absolute significance in view of the above-mentioned limits of applicability of 
the equations.) On the other hand, the sphere has attained a very small distance 
in a very short time, and the rate  of approach is still relatively rapid.
T a b l e  1
distance o f  separation tim e for sphere tim e for p late
(cm.) (sec.) (sec.)
1 0 0
l x l O - 1 42 x 10-5  2-4 x 10~ 3
l x l O - 2 84 x 10- 5 2-4 x 10_1
1 x 10- 3 126 x lO - 5 2-4 x  101
l x l O - 4 1 6 8 x l 0 - 5 2-4 x 103
l x l O - 5 2 1 0 x  10-5 2-4 x lO 5
l x l O - 6 2 5 2 x  10-5 2-4 x lO 7
4 . T h e  e l e c t r o v i s c o u s  e f f e c t
I t  is proposed in this section to  derive equations expressing the apparent increase 
in viscosity of an ionic liquid (due to  the resistance to  shear of the double layer),
(a) in a cylindrical capillary tube,
(b) between two infinite parallel plates, and
(c) to  use these equations in the derivation of the order of the electroviscous 
effect between two approaching parallel plates.
(a) The electroviscous effect in  a narrow cylindrical capillary
In  the derivation of this equation it is necessary to  know,the potential a t any 
point inside a narrow capillary containing an ionic liquid, as a function of the 
distance of th a t point from the axis. I t  is proposed first of all to  derive this 
relationship. : '
1 7 -2
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(i) The distribution of potential in  a narrow cylindrical capillary containing an ionic
liquid
Consider a capillary tube of radius a, containing a solution of a uni-univalent 
electrolyte, of bulk ionic concentration n  ions/unit volume. Then if the wall of the 
tube is a t a potential fr0, and the potential is fr a t a point distance r from the axis, 
the Poisson equation relates the potential gradient a t this point with the excess 
charge density pr , ,, /
(5)
where e is the dielectric constant, assumed constant throughout the liquid.
From, the Boltzm ann equation
pr = — 2w esinh~^, (6)
where e =  electronic charge, k  =  Boltzmann constant and T  =  absolute tem perature. 
I f  eijr/kT is small, we m ay write sinh (<zijrjk-T) =  ef/jkT. (This assumption limits 
the application of this treatm ent to small values of fr, since efrjkT =  1 when 
25 mV.) Combining equations (5) and (6 ), and approximating,
I d /  di/A ^TTne f^r . .
r dr \  dr) ekT
Let ( < £ ) * - . * :
where A is the Debye double layer thickness. Therefore
. • «
This equation m ay be solved as a series:/
/ A A \
^  =  +  — +  —  +  . . . ) ,  (9)
where A  is a constant. Since fs =  when r =  a, we m ay write, when r is small 
compared with r/A, f 0r2/16A2 + r2\ \
, • '  ^  =  _a 2_ \16A2 -fa2/ .  (10)
(ii) Derivation of the electroviscous equation
Consider a  cylindrical capillary tube of radius a, having a pressure gradient P  
applied along its axis, forcing through it an ionic liquid of bulk viscosity tj. I f  a finite 
^-potential exists a t  the liquid/solid interface, a streaming potential gradient E  
is set up.
Considering an annulus of liquid of radius r and thickness dr situated symmetrically 
w ith respect to  the axis of the tube, and having unit length, then
Viscous retarding force on this annulus =  8r, (11)
Electroviscosity. I  263
where u  is the velocity of flow of the liquid, and
Force on annulus due to the pressure difference =  2nr8rP. (12 )
In  the absence of any other forces a t equilibrium, the normal Poiseuille relation­
ship is obtained after equating these two terms. However, since the liquid is an 
ionic one, the ions of the diffuse double layer will suffer a retarding force due to  the 
potential gradient against which they are being forced. Thus
Electrical retarding force: E . 2nr8rpr. , (13)
A t equilibrium, i.e. when the liquid is moving w ithout acceleration through
the tube, d 1 du\ '
— 2 n 7 j-^ lr -^ \8 r  — E . 2nr8rpr = 2nr8rP. (14)
From  Poisson’s equation jffPr _
e r dr \ d r}
d I duX eE d I dilA _ ’ ■
H ence ’
T x /• du eE dijr P r 2 . ■ ,
Integrating : ~ w W  + 4 x r ifr ^  ~2~+  ’ ( >
where A  is the integration constant. Integrating again
eEilf P r2 . .  _— 7)u  +  + A  In r + B, (18)
where B  is the second integration constant. Since a t the axis of the tube (r == 0 ), 
u  is not equal to minus infinity, A  — 0 . I f  a t the walls of the tube, u  =  0 , and fr = i/r0,
B  =  ' ( 1 9 )4tt 4
P(f2 — eE
Hence . -7 ju  = —   + (2 0 )
The additional term  due to the electrical retarding force will only become im­
portan t in extremely'narrow capillaries. The effect will be to increase the apparent 
viscosity of the liquid. I f i s  the apparent viscosity in the tube such th a t
P(a2 — r2)
y v v -  >■ ' (2 i)
we can deduce an expression for ija as follows: ■
I f  Q is the volume of liquid flowing through the tube in unit time, then
Ca 7T Ca r  eEr ~l
Q = \  2nrudr — — j  Pr(a2- r 2) — - ^ r (fr()~ fr)Jd r .-  (22)
As already shown, for a narrow tube we m ay write
, i/r0r2 ( 16A2 + r2\
^  =  ~ ^ ( l 6A2 +  a 2) '  ^10)
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Thus for unit length of tube
7t TPaV 2 P r 4 eEfr0r2 ( r2 /24A2 +  r2\)~
~  2 7 j\_  2  4 2 tt |  3a2\16A2 + cf2/j_
7T TPft4 eEfr0a2j (24A2 + a2) i~[
2rj\_ 4 2n \ 3(16A2 + a 2) |J  ’
dr (23)
T (24)J°
(25)
I f  the reduced rate  of flow results in an apparent viscosity 7ja, where
„ ttP u4 , „  £ePQ =  ——  and E  =  +•4ir7]aK’
k being the average specific conductivity of the liquid in the tube, then putting 
ijr = £, where £ is the electrokinetic potential of the solution against the walls of
th e tu b e , ttPu4 ttP a 4 -g2e2P a 2 ( (24A2 + a2) )
8ya 8 7j 167T7]7)aK{ 1 3(16A2 + a2)y
Therefore >  ~  * + S k  I1 ~  8 ^ * 3 ) ) • (27)
I f  a >  A this equation reduces to ^22
Va = V + Z M < ‘ . -• (28)
W hen (1) a is large, and/or (2 ) £ is zero or very small, and/or (3) k is large, then
equation (28) reduces to  /£WlN
• v ' Va =  V- (29)
(iii) Approximate derivation of the electroviscous equation for a narrow cylindrical 
capillary . .
We m ay regard the apparent increase in viscosity in narrow tubes as being due 
to a ‘back electroendosmosis’ effect produced by the streaming potential gradient 
set up. This produces a reduction in the rate of flow, and an increase in the apparent 
viscosity.
An approxim ate equation m ay be derived on this basis from the usual expressions 
for streaming potential and electroendosmosis in cylindrical capillaries as follows: 
The streaming potential in a wide tube is given by
K ■ . (30)4tT7JK
For electroendosmosis in a wide tube * .
na2P'
-  E  3 , , '  ’ ( 3 1 )
where E ' is the applied potential gradient and P ' is the electroendosmosis pressure 
set up.
In  a narrow tube, where an apparent viscosity 7]a is obtained due to electroviscous 
resistance, from equation (28) we have -
P e t
’ • - + 4 < 32)
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Since the relative difference between the apparent and bulk viscosities is due to the 
‘ back-electroendosmosis ’ effect of the streaming potential gradient,
V a ~ V  . K E ' e
- i r “ + s ^ p -  <33)
Combining equations (32) aiid (33), and putting E  — W , and P  — P ', we arrive a t
•  (34)
which is identical in form with equation (28), b u t differs in the value of the constant. 
This difference is due to the simplifying assumption made in the derivation of 
equations (30) and (31), namely, th a t a  plane parallel double layer of negligible
thickness exists a t the  walls of the tube. Subject to the lim itations imposed by these 
assumptions, this equation (34) m ay be applied for any value of £.
(b) The electroviscous effect between two infinite parallel plates .
Again we require to know how the potential a t any point between the two plates 
varies w ith the distance of th a t point from one of them.
(i) The distribution of potential between two parallel plates
/
Consider two parallel plates separated by a distance 2h, containing a solution of 
a uni-univalent electrolyte of ionic concentration n. Then from the Poisson equation
(35)dx2 e
where ijf is the potential a t a point a t distance x  from one of the plates j px is the 
excess charge density a t the point, and e is the dielectric constant, assumed constant 
throughout the liquid.
From  the Boltzmann equation '
* Qijj'
px =  -2 f te s in h £ y . (36).
I f  efr /kT is small, we m ay write eijr/kT =  s inheiJrJkT (vide supra). Combining 
equations (35) and (36), and approxim ating.
dhjr Snne2
dx2 , ekT  
( ekT  V
f .  (37)
Let \ 8tme2) X'
T h e n  . ;  < 3 8 >
- ddr lift2 • .
Integrating dx \AT /  ’
if \[r =  dfrjdx =  0 when x = h, then A  =  0 . Therefore .
t - 4 ■ m
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dfrjdx is negative when x<h ,  and positive when h < x <  2h. Integrating
• %■= ± ln  f  + B. (41)
A - ,
W hen x = 0 or 2h, \Jr — Therefore
, 2/i . ,B  = In fr0 or -y  — ln?y0.
Therefore ' f  =  ]n &  or '  f  - In , (42)A f  A
Therefore fr — frQe~x^  or ifr0e(x~2h)lx. (43)
(ii) Derivation of the electroviscous equation for flow between parallel plates
Let two similar parallel plates of infinite extent be separated by a distance 2h, 
let an ionic liquid of normal viscosity rj be forced between them  under a pressure 
gradient P, and let a streaming potential gradient E  be set up in the plane of flow.
Consider a  lam ina of liquid of unit length and breadth, and of thickness Sx, 
parallel to the plates and a t a distance x  from one of them. Then
Viscous retarding force on this lamina =  rjSx-^^, (44)
where u  is the velocity of flow of the liquid,
Force on the  lamina due to the pressure gradient =  P8x. (45)
An additional force, namely, the electroviscous force on the ions of the double 
layer, m ust now be taken into account. I f  the
Electrical retarding force on the lamina =  Epx Sx, (46)
d2u. then, a t equilibrium, — rjSx — Epx Sx =  PSx. .(47)
By Poisson’s equation ~d^
' d ldu\ eE d (dilr\ ' .
Ce _ , ; d ^ \d x )+ 4 ^ d x (d x )  ‘ ( *
' . • du eE dilr .. ,Integrating + =  P x+  (50)
\
where A  is the integration constant. Integrating again
eEdf P x 2 . T. / x
. ~ W  + - ^  = - j ~  + A x  + B, (51)
where B  is the second integration constant. Now a t the plates u  =  0 and \[r =  ifr0, 
x  =  0 or 2h. Therefore ,
B  = and A  = —Ph.
4:7r •
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~ Pr^ pTS
Therefore rju = ---- — + —  (Tjr — fr0) +Phx,  (52)
2 4lTT
The volume of liquid flowing per second, is
Q =  Jo udx  = “ J Q \ ^ ( 2h~ x) + ^ ( f - f o ) ^ dx- (54)
Substituting for fr from equation (43), we have
. (55)
= I [ ^ _ ^ (, _ A+Ae_w )] ; (57)
Let the  reduced rate  of flow result in an apparent viscosity 7ja, where
.  2 Ph3 , ' tJPeQ =  ——  and E  — +STJa 87T7)aK
Putting  (58)
^ = n + 'M ^ id ? {h~ x+ X e~m ) - (59)
3e2£2
W h e n A ,  this reduces to  Va — V + 32^ 2^ 2•
(iii) Approximate derivation of the electroviscous equation for flow between parallel 
plates
Equation (60) m ay be derived by combining the approxim ate equations for 
electroendosmosis and streaming potential between parallel plates, as follows:
I f  7j is the bulk viscosity of the liquid, and 7ja the apparent viscosity, taking into 
account the electroviscous effect, P  is the applied pressure gradient, and E  the 
resulting streaming potential gradient, then we m ay show by the usual methods th a t
P te
' , ' ■ Va== + 8 ttE ic’ 1 ' (6 1 ) .
and for electroendosmosis ——- = + 7 ^ 7,, (62)?ja 4arh2P  v ’
where E ' is an applied potential gradient, P ' the  resultant electroendosmotic 
pressure gradient, and 2h the distance of separation of the plates.
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Combining equations (61) and (62), putting E  = E ', and P  — P ', we obtain
\  Va = V + ‘6 2 7 r W  (63)
This equation is identical with equation (60), subject to the lim itations imposed 
in the  derivation of equations (61) and (62), namely, th a t the double-layer thickness 
is very small compared with the distance of separation of the plates, this equation
(63) m ay be applied for any value of £.
(c) The approach of two parallel plates in  an ionic liquid
By analogy with the two previous examples, we m ay write for the approach of 
two parallel plates in an ionic liquid
dh% 2mgh\
dt 37T7]aai>
(64)
where 7}a =  7] + Ae%2jh2K approx., A  being a constant, and h^ the distance of separa­
tion of the plates a t time t. Integrating equation (64) from h1 to h2
37T7/a4/ l  1 \ Ce%2 ( 1  1 \
where G is a constant, equal to ZnAa^j^mg. The final term  in equation (65) does not 
become im portant until h% is very small (less than  10 ,0 0 0  A usually). We m ay obtain 
some idea of the order of the electroviscous term  if we p u t A  =  %n2, as in equation 
(60) for the flow of an ionic liquid between two infinite fixed parallel planes separated 
by a distance 2h. G in equation (65) then becomes 9<z4/647rm<7. Calculations made on 
this basis lead to the results shown in table 2 , which gives the calculated times of 
approach under a force of 1000  dynes of a disk of radius 1 cm. to  a similar disk (a) in 
a non-ionic liquid of bulk viscosity 0*01 poise, and (b) in an ionic liquid (£ =  100  mV, 
e =  80 and Tc — 10~6 ohm_1cm.“1) of bulk viscosity 0-01 poise. A t a separation of 
1 x 10~5 cm., the calculated rate  of approach in the non-ionic liquid is 2 x 10- 11cm./sec. 
and in the ionic liquid is 6 x 10~13cm./sec. (subject to the limits of applicability 
already discussed). The time taken to fall from 1 x 10-5 to 9 x 10~6 cm. in the latter 
case is 1-6 x 106sec. (about 450 hr.), whereas in the non-ionic liquid the time is 
5 x 104sec. (about 15 hr.).
T a b l e  2
distance o f separation tim e in  ionic liquid tim e in  non-ionic liquid
(cm.) (sec.) (sec.) ■ '
10- 4 2-5 x lO 3 2-4 x 103
5 x lO - 5 1-1 x lO 4 9-6 x lO 3
2 x 10 5 1-4 x 105 6 -Ox 104
10- 5 1-4x10® 2-4 x lO 5
5x10-®  2-0 x lO 7 9-6 x lO 5
From, these calculations, we m ay infer th a t it  is unwise to attem pt to perform 
experiments to measure directly ‘equilibrium ’ distances of separation between 
parallel plates, since the attainm ent of any equilibrium position will be delayed by
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the viscous and electroviscous resistance to  approach, which a tta in  considerable 
dimensions a t comparatively large distances of separation. Also, under these con­
ditions, approach m ay be so slow th a t a false impression of equilibrium is given. 
For these reasons, the experiments of Buzagh (1937) would appear tOxbe unsatis­
factory. . -
The use of spherical surfaces would appear to be more suitable in the experi­
m ental study of this problem, since their attainm ent of equilibrium would be more 
rapid. Bubbles as used by Derjaguin & Kussakov, however, are riot satisfactory, 
as flattening of the approaching surfaces leads to a slow rate of approach (see § 5).
5 . E v i d e n c e  f o r  t h e  e x i s t e n c e  o f  t h e  e l e c t r o v i s c o u s  e f f e c t
(a) Anomalous viscosity in  narrow channels
Terzaghi (1931) found experimentally th a t the apparent viscosity of water was 
increased in narrow channels. Macauley (1936) measured the viscosity of water 
between two parallel glass plates separated by a distance of 2-5 x 10_5cm., and 
found a value of 0*11 poise compared w ith 0-01 poise in wide tubes.
Now by equation (63) 2^2
+ k ^ appr0S' ’
where 2h is the distance of separation of the plates.
I f  we take likely values for the above constants, rja, the apparent viscosity, may 
be calculated. Pu tting  e =  80, £ =  150 mV, and k  = 10~6ohm“1cm.~1, we arrive 
a t 7]a =  0-12 poise, a value in good agreement w ith th a t found experimentally by 
Macauley. ,
Reekie & Aird (1945) found th a t the apparent viscosity of water in diaphragms 
of very small particle size (of the order 10~4 cm.) was 5 to 10 times the normal bulk 
viscosity.
1 (b) Anomalous £-'potentials in  narrow capillaries 
Since in a narrow capillary tube , . ~ '
E - A 1’ , - (6 6 )4:n7]aK .
then  if instead of the apparent viscosity, the normal bulk viscosity is used to calculate 
the electrokinetic potential £ from the streaming potential E , an anomalous result 
£a will be obtained such th a t ~ „
hi- m
In  narrow capillaries, therefore, the apparent ^-potential will be reduced if  the
normal bulk viscosity is used in the calculation.
From  equations (28) and (67), we obtain
3 A  V £  .
■ 3n2a27jK +  £%2 *
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We would therefore expect the apparent electrokinetie potential to  vary  with 
the capillary radius as shown in figure 1 .
Results in qualitative agreement with these calculations have been obtained by 
Bull & Gortner (1932), who measured apparent ^-potentials in diaphragms of quartz 
particles of various sizes, and found th a t the apparent ^-potential was reduced in 
diaphragms of very small particle size. In  figure 2 their results for E /P  (propor­
tional to  £a) are plotted as a function of the particle size of the diaphragm, a curve 
of similar form to th a t given in figure 1 being obtained. Other workers (White, 
U rban & Krick 1932 ; Bishop, U rban & W hite 1931 ; W hite, U rban & van A tta  1932) 
have reported the observation of similar effects in narrow capillaries.
r a d iu s  (a r b itr a r y  u n its )
F i g u r e  1 . E x p e c te d  v a r ia t io n  o f  a p p a r e n t  ^ -p o te n t ia l w it h  t u b e  r a d iu s .
1
Bull & Meyer (1936) attem pt to explain these results by allowing for a decrease 
in the effective radius of the tube due to  the thickness of the double layer, bu t their 
calculations were of an empirical nature. Reichardt (1933) also made general 
theoretical observations on the effect. His calculations led him to expect the presence 
of a minimum in the curve relating apparent ^-potential with the capillary radius. 
This has not been observed experimentally. I t  is subm itted th a t the  calculations 
given in the present paper lead to a satisfactory explanation of the  observed 
phenomenon.
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(c) Surface conductivity
Various workers (Fairbrother & Balkin 1931 ; Rutgers 1940 ; Bikermann 1942 ; 
McBain, Peaker & King 1929) have reported th a t the apparent conductivity of an 
‘ionic solution.is increased in narrow capillaries. This increase, usually ascribed to  
‘ surface conductivity ’, may, in the opinion of the writer, be capable of interpretation 
on a similar basis to the increase in viscosity, since in § 4 the conditions inside a tube 
containing ions have been completely defined.
I t  is proposed to  make the detailed investigation of this effect the subject of a 
further publication.
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F i g u r e  2. Variation o f  E jP  w ith  particle size in  quartz diaphragm s 
(Bull & Gortner: 2 x 10“4 N-NaCl).
• (d) The stability of lyophobic colloids
In  a lyophobic colloidal solution the rate  of approach of two large particles under 
the influence of Brownian forces will depend on the to ta l viscous and electroviscous 
resistance to flow of the medium between them ; other conditions being equal, the 
greater the resistance to flow, the greater will be the stability of the solution. The 
to ta l resistance to flow will vary  w ith the apparent viscosity, which is a function of 
the ^-potential of the particles, and the dielectric constant and specific Conductivity
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of the medium. Addition of electrolytes, which will decrease the ^-potential of the 
particles, and increase the conductivity of the medium, will decrease the to ta l resist- ■ 
ance to  approach, and, consequently, the stability of the solution. M ultivalent ions, 
which reduce the electrokinetic potential to a greater extent then univalent ions, • 
will be more effective in reducing the stability of the colloid. A t the isoelectric point 
the stability will be a t a minimum (£ =  0 , so th a t ij =  7ja). On reversing the sign of 
the  electrokinetic potential by further addition of electrolyte, the  stability  will 
increase, bu t it  is unlikely to reach its original value, because of the increase in the 
specific conductivity of the medium.
This mechanism would thus seem to offer a new qualitative explanation of the 
coagulation of lyophobic colloids by electrolytes, and it is intended to  develop 
these ideas quantitatively in a future publication. I t  m ust be emphasized, however, 
th a t ordinary statistical treatm ent cannot be applied to a particle in motion under 
the action of Brownian (i.e. non-statistical) forces. •
(e) Approach of a fluid bubble-to a surf ace
Derjaguin & Kussakov (1939a) showed th a t the profile of a bubble approaching 
a surface was as shown diagrammatically in figure 3. The thinnest portion of the 
liquid film between the bubble and the surface is not in the centre, bu t in an annular 
ring (‘b arrier’), due to the more rapid escape of the liquid around the periphery. 
Derjaguin & Kussakov derive an expression (applicable only to small bubbles) for 
the  radius p of this barrier ring: /c. , . ,
where r is the radius of the bubble, d the difference in density between the bubble and 
the bulk liquid, g the gravitational constant, and y  the interfacial tension.
V / / / / / / / / / / / / / / / / / / / / / / / y / / 7 7 7 7 A
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This distortion of the bubble will produce a diminution in the ra te  of approach. 
We m ay obtain some idea of the order of the effect (neglecting electroviscous forces) 
by calculating the barrier ring radius from equation (69), and then  treating the
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barrier ring as a flat plate of equal radius, approaching the surface. This treatm ent 
is permissible to a first approximation, as the distance y  (figure 3 ) m ay be shown to 
be very small compared w ith p.
Thus from equations (1) and (69), putting  m =  | 77T3d, we have
For a bubble of radius 0-1 cm. approaching a plane surface in water, equation (71)
Curves very similar to this are obtained experimentally by Derjaguin & Kussakov. 
The dependence of the distance of separation on the ionic concentration (as observed 
experimentally) would be explained by the existence of a greater or lesser electro­
viscous resistance superimposed on the ordinary viscous resistance to  approach. 
Experim ental work performed by the writer (see next paper, p. 281) has served to 
confirm these conclusions.
(70) .
and if h1^>h2
1 , 47%1‘
r5dg (71)
leads to  a distance of separation of 1200  A after 1 hr., a value of the same order as 
the ‘equilibrium ’ distances found by Derjaguin & Kussakov. I f  the calculated 
distance of approach a t any one time is plotted against the reciprocal of the bubble 
radius (proportional to the pressure inside the bubble), a curve of the type shown in 
figure 4 is obtained.
8
j
0 1 2 3 4 5 6
h (a r b itr a r y  u n its )
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6 . C o n c l u s i o n s
1 . I t  has been dem onstrated th a t there is considerable theoretical and experi­
m ental basis for the  belief th a t the electrical double layer a t an interface in an 
ionic liquid can exhibit considerable resistance to shear. ,
2 . Knowledge of the existence of such an electroviscous effect m ay be of con­
siderable value in the explanation of hitherto unexplained phenomena.
3. The attainm ent of equilibrium distances of separation between surfaces m ay 
be considerably delayed by a combination of viscous and electroviscous forces 
preventing flow of the liquid between the surfaces. Some previous experimental 
work m ay be explicable without the postulate of long-range repulsive forces, or of 
rigid or compressible liquid films between surfaces.
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Electroviscosity
II. Experim ental dem onstration of the electroviscous effect
B y  G. A. H. E l t o n , Chemistry Department, Battersea Polytechnic
(Communicated by J . Kenyon, F.R.S.— Received 20  December 1947)
Preliminary experim ental evidence for the existence o f the electroviscous in ionic liquids is 
subm itted. The theoretical predictions o f the previous paper have been qualitatively con­
firmed, and quantitative experim ental work is now in progress. The rate o f approach o f  
surfaces in various liquids has been observed, and it has been dem onstrated th a t equilibrium  
distances o f separation under finite pressures are very small.
1. I n t r o d u c t i o n
I t  is the object of this paper to give details of preliminary experimental work carried 
out to  demonstrate the existence of an electroviscous effect in ionic liquids, as 
predicted theoretically in the preceding paper. This work has also thrown some light 
on the problem of the possible existence of long-range repulsive forces between 
surfaces immersed in a liquid. ^
As already pointed out on pp. 259, 273, the experiments of Eversole & Lahr, and 
Derjaguin & Kussakov, which appeared to support the existence of these forces, 
are open to  serious criticism on theoretical grounds.
In  the re-examination of this problem by the writer, it  was proposed:
(i) To repeat the experiments of Eversole & Lahr (1941), using an apparatus and 
experimental technique capable of giving results of sufficient accuracy and precision 
to  enable the  drawing of definite conclusions on the presence or absence of thick 
rigid w ater layers a t quartz/w ater interfaces, and to  extend the work to  suitable 
non-polar liquids.
(ii) To study the approach of a quartz lens to a quartz plate in water, in dilute salt 
solutions, -and in non-ionic liquids, in an a ttem pt to obtain experimental evidence 
of the electroviscous effect, and to  check the results of the experiments proposed 
in (i) above.
(iii) To repeat and extend the experiments of Derjaguin & Kussakov (1 9 3 9a, 6) 
and Darjaguin (1940) on the behaviour of gas bubbles in close proxim ity to  a liquid 
interface, in an a ttem pt to obtain definite evidence of the presence dr absence of 
high equilibrium distances of separation, and of the existence or non-existence of 
thick compressible solvate layers a t these interfaces.
. 2 . C o n d e n s a t i o n  o f  a  l i q u i d  f i l m  b e t w e e n  a  l e n s
AND PLATE INITIALLY IN  CONTACT
Eversole & Lahr reported th a t if a water film were condensed between a quartz 
plate and convex lens, initially in contact, a rigid water film formed between the 
surfaces produced a measurable equilibrium distance of separation. Their results 
were criticized on statistical grounds by the writer (Elton 1946).
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(i) Materials used
Two optically polished quartz plates, and a plano-convex quartz lens of radius 
of curvature 100 cm., were used in this investigation. All were grade A optical quality 
supplied by Messrs Thermal Syndicate Ltd.
The water used was conductivity water which had been allowed to come to 
equilibrium with the atmosphere, and had a specific conductivity of about 
0*7 x 10~6ohm_1cm._1.
Methyl alcohol was purified according to the m ethod of Weissburger & Proskauer 
(i 9 3 5 ), and stored in a stoppered bottle in a desiccator containing magnesium 
perchlorate.
Toluene was purified according to the method described by Mathews (1926), 
and stored as described above.
E ther was purified by keeping the B.D.H. AnalaR m aterial over sodium for a 
prolonged period, and distilling through a 6 ft. column packed with \  in. Lessing 
rings into a flask fitted w ith a magiiesium perchlorate tube, first and last runnings 
being rejected. The resultant liquid was stored as described above.
Potassium  chloride was prepared pure by recrystallizing B.D.H. AnalaR potas­
sium chloride fr o m  conductivity water.
- (ii) Apparatus
The form of the apparatus used in this investigation is shown in figure 1 . The cell 
C consisted of a stout phosphor-bronze cylinder covered by a thick brass plate P  
standing on a square-sectioned rubber gasket G around the circumference of the 
cylinder. An optical glass observation window W  was cemented into the centre of 
the  brass plate, and the cell was rendered gastight by screwing down an annular 
cap A  over the brass plate on to 'the  cylinder. A brass tube bearing two leads to  the 
remainder of the  apparatus (figure 2 ) was let into the base of the cylinder. The cell 
itself stood on a horizontal m etal table, which could be moved up and down a vertical 
column supported on a heavy base. -
F i g u r e  1
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A small brass table T  stood inside the cell, and on this .were placed (a) a ground 
cobalt glass plate to absorb unwanted light reflexions, (6) the optically polished 
quartz plate, and (c) the optically polished quartz lens.
Monochromatic light was provided by a sodium vapour lamp placed behind a slit 
a t the focus of a short focal length convex lens. The parallel beam was reflected down 
into the cell by  a microscope cover-slip cemented to a rod which could be ro tated  
about its axis and adjusted so th a t the cover-slip was a t an angle of 45° to the 
vertical. The microscope was m ounted in a brass collar which could slide up 
and down the supporting column, and could be locked in any desired position. 
A half-plate camera body was attached to  the microscope, and the ground-glass 
focusing screen of the camera could be racked up and down independently, enabling 
very sharp focus to  be obtained. Usually no microscope eyepiece was used, the 
image being projected directly on to the screen by the objective. E ither a 4 in. or 
a 2 in. objective was used, according to the magnification required. Dry, dust-free 
air, free from carbon dioxide, could be drawn through the apparatus via a purifica­
tion train. ;
(iii) Experimental technique—-preliminary testing
W hen attem pting to measure small distances of separation, scrupulous cleaning 
of the solid surfaces was essential. The quartz surfaces were vapour degreased using 
benzene vapour, traces of which were then removed by heating in an enclosure a t 
100 to 150° C. The clean dry lens and plate were placed in position on the brass table 
inside the enclosure (with the lens on top of the plate), the brass cover-plate replaced 
on the cell, and the cap screwed down. Clean dry air was drawn through the enclosure 
for some minutes, while the illumination system was adjusted. The Newton’s rings 
formed between the surfaces were photographed on anti-halo backed Kodak 0  800 
photographic plates. Measurement of the radius of the rings was made from a 
positive print, which was m ounted on a light-box and viewed with a low-power 
travelling microscope. Since the rings were of finite width, the inside and outside 
radii were measured and the average taken.
The distance of separation between the lens and plate was calculated as follows. 
I t  m ay be shown th a t „  .
r l = - - 2 R t ,  ' (1)'
ll  \  -
where rn is the radius of the nth. dark ring, R  is the radius of curvature of the lens, 
A is the wave-length of the light, / 1 is the refractive index of the medium between the 
surfaces, and t is the minimum distance of separation of the surfaces. A graph of 
r \  against n  gives a straight fine having an intercept on the r \  axis of —2Rt  and 
slope AR/p.  Since A, R  and p  are known, the slope m ay be calculated, and, if the 
rings had been measured directly, would be equal to the observed slope. If, however, 
the rings have been photographed, under conditions which render the exact deter­
m ination of the magnification in each case difficult, the magnification M  m ay be 
calculated as follows. I f  the values of the radius as measured on the photograph 
squared (rf) are plotted against n, we have
M%w AT?
r\ = M*r% =  — 2R tM 2. , (2 )
ll
. . • 1 8 -2
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I f  the observed slope is divided by the calculated slope, M'2 is obtained.
The observed values of r\ were plotted against n, and the best line through them  
and the intercept on the rf axis calculated by the m ethod of least squares. The m ag­
nification M  was calculated as described above, and the calculated intercept on 
the r\ axis was divided by — 2 R M 2 to give the required value of t.
T a b l e  1
experim ent
1
2
3
4
5
distance o f 
separation (A) 
- 2 0  
- 2 0  
+  15  
+  5 
0 
+ 20
experim ent
7
8 
9
10
distance o f 
separation (A) 
- 1 0  
0
+  5  
+ 20
+ 2
T a b l e  2 . E x p e r i m e n t a l  r e s u l t s  o f  E v e r s o l e  & L a h r
distance o f  d istance o f
separation in  air, separation in  w ater,
experim ent
1
2
3
4
5
m ean
M  A) 
- 1 2 0 0
-  9 5 0
-  9 0  
- 1 1 6 0
-  3 5 0
-  .7 5 ,
U  A) 
- 8 7 0  
- 8 0 0  
+ 1 4 0  
- 8 4 0  
- 2 2 0
-  5 1 ,
t „ - t a(A)
33 0
160
2 3 0
3 2 0
1 30
32 4
cell
Tx
to suction
. to air 
purification 
train
/  \
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A large num ber of prehm inary experiments were made to develop and test the 
experimental technique. Table 1 gives some of tlie final results obtained for the 
distance of separation of the  lens and plate in air. Individual values of 0 + 20  A 
.were obtained. •
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The possible error of ± 20  A approx. compared very favourably with the errors 
of + 1000  A approx. recorded by Eversole & Lahr (see table 2 ).
(iv) Experiments on liquids . .
Briefly, the procedure in these experiments was to  place the lens and plate 
together in air, measure the distance of separation in air (£air), introduce the liquid, 
measure the distance of separation in the liquid (txiaui(i), evaporate off the liquid, 
and remeasure £air. After several experiments, the results were examined statistically 
in order to detect any significant difference between tliquld and tair which m ight be 
taken as indicating the presence of a rigid liquid layer separating the two surfaces.
T a b l e  3
liquid experim ent *air ( A )  * liq .(A ) h i q . - * a i r ( A )  P  (%)
w ater 1 20 15 — 5
2 -  5 5 10
3 -  5 0 5
4 10 0 - 1 0
5 0 5 5
m ean 4 5 1 98
m ethyl alcohol 1 . 5 — 5 —10
2 25 -  5 - 3 0
3 10 10 0
4 - 1 0  0 10
5 - 1 0  -  5 5
m ean 4 — 1 — 5 75
toluene 1 — 1 0  — 1 0  0
2 0 - 5  -  5
3 0 20 20
4 15 5 - 1 0
5 15 20 5
m ean 4 6  2 95
ether " 1 5 25 20
2  - 1 5  - 2 0  -  5 ,
3 20 -  5 -  25
4 10 10 0
5 0 10 10
m ean 2 0  2 0  0  1 0 0
The lens and plate were placed together in the enclosure and the rings formed in 
air were photographed. The vapour of the liquid to be examined was then introduced 
using the apparatus shown in figure 2 . The liquid was held in the container A , which 
was provided with a ground-glass neck for easy removal. The taps Tx and T2 were 
closed, tap  Tz was opened^ and the liquid in A  was warmed. Liquid condensed in 
the m ain enclosure between the lens and plate and the rings formed in the liquid 
were photographed. Tap Tz was then  closed, taps Tx and T2 opened, and a stream  of , 
pure dry air was drawn through the apparatus until the liquid ring had disappeared, 
and continued for a further considerable period of time. In  the removal of this 
liquid ring, a persistent central spot of liquid always occurred, due to the lowering
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of the effective vapour pressure by the Kelvin effect in the narrow annular capillary 
formed between the lens and plate. (The quantitative study' of this effect is to  be 
the subject of a further publication.) Prolonged aspiration was necessary in order 
to complete the removal of this spot. W hen the aspiration was complete, the rings 
formed in air was rephotographed.
Measurements were made' using water, m ethyl alcohol, toluene and ether. The 
results obtained are given in table 3. I t  is seen th a t in all cases there is no significant 
difference between the values of liquid an(l  Atr- P  in table 3 represents the probability 
of insignificance of the difference between the means of the two series.
, 3. A p p r o a c h  OF A LENS TO A PLATE IN  a  l i q u i d  ,
(i) Experimental method
A glass dish of suitable dimensions was placed inside the observation cell described 
in the previous section (figure 1), and the lens placed convex side downwards on the 
plate, which rested on the plate of ground cobalt glass. The liquid under examination, 
which had been prepared as free from dust as possible, was placed in the dish to 
a depth of about 2 cm. Using clean tongs, the  lens was raised to a height of about 
1 cm. above the plate and allowed to fall. The brass cover-plate was replaced on the 
cell, the  cap screwed down, and the Newton’s rings formed between the lens and the 
plate were photographed a t suitable intervals. I t  was found th a t the rings obtained 
were not so clear and sharp as those obtained with air between the plates, due to  the 
smaller difference in refractive index between the two media. Also, some undesirable 
reflexion of light occurred a t the liquid/air interface. This could not be readily 
eliminated, b u t was no t sufficiently serious to affect m aterially the results obtained.
(ii) Strong salt solutions ,
Solutions of potassium chloride in w ater were made up having strengths 1-0 , 0-5, 
0-1 and 0-05 n ,  and used in  experiments as described in the preceding paragraph. . 
I t  was found in these and subsequent experiments with liquids th a t the probable 
error was ra ther higher than  before, probably about ± 50  A, due to the reduced 
sharpness of the rings. In  all cases it  is found th a t within the limits of experimental 
error, the lens has reached the plate before the first reading has been taken  (usually 
less th an  5 min.).
This is to be expected from ordinary viscous laws, in the absence of any appreciable 
electroviscous effect. The lens would presum ably approach rather faster than  a sphere 
of the same radius of curvature acted upon by the same force, since the viscous drag 
would be less. Calculations from the Taylor equation on this basis lead to  very small 
distances of approach w ithin 1 min.
(iii) Non-ionic liquids
The liquids used were m ethyl alcohol, toluene and ether. Great care was taken to 
keep the liquids absolutely dry  during storage, and during the experiments a few 
crystals of magnesium perchlorate were placed in the liquids.
U nder these conditions, i t  was again found to be impossible to detect any motion 
of the lens after a few minutes. If, however, the liquids contained even a trace of
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water, the lens approached more slowly. Tahle 4  gives the experimental results 
obtained using benzene containing 0-1 % added conductivity water. Measurable 
approach is continuing after more than  2 4  hr.
T a b l e  4 . A p p r o a c h  o f  l e n s  t o  p l a t e  i n  b e n z e n e
CONTAINING 0*1 % ADDED CONDUCTIVITY WATER
tim e distance o f
(sec.) separation (A)
900 450
3,200 340
9,300 250
10,300 2 0 0
88,800 1 2 0
94,200 1 0 0
This phenomenon is a ttribu ted  to the existence of a finite electrokinetic potential 
against the quartz in the case of these mixtures. This, together with the extremely 
low conductivities of the  mixtures, would be expected from the previous paper to 
lead to  an appreciable resistance to  approach. {Note. For zero electrokinetic potential 
and zero specific conductivity, the apparent viscosity becomes indeterm inate 
(see p. 267). However, under these conditions, since no ions are present, the electro­
viscous resistance to flow is zero, so th a t 7) =  7ja).
(iv) Dilute salt solutions 
I t  is in very dilute salt solutions and in pure w ater th a t the greatest electro­
viscous forces are to  be expected, on account of the high electrokinetic potentials 
and low conductivities of these liquids.
1400
^  1000ao
• rH
§
&m
°  6000
-p
1
200
5-5 04-503-502-50
F i g u r e  3 . D istances o f approach o f lens in  dilute salt solutions. 
O w ater, A 10- 5 n-KC1, □  10_43sr-KCl and x 10~3 ]sr-KCL
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Solutions of potassium chloride in conductivity water were prepared having 
strengths 10~5, 10-4, 10-3  and 10_2n. The approach of the lens to  the plate in these 
solutions was observed, and the results obtained are expressed graphically in figure 3.
I t  is seen th a t for small distances of separation, the rate  of approach of the lens 
to  the plate in these solutions is markedly dependent on the ionic concentration, 
increasing as the ionic concentration increases.
4 . T h e  a p p r o a c h  o f  a x  a i r  b u b b l e  t o  a  s o l i d
SURFACE IMMERSED IN  A LIQUID '
(i) Experimental method
The experimental arrangem ent was a simple one. An optically polished plano­
concave quartz lens of radius of curvature 100 cm. was vapour degreased and then 
placed concave side down on three Pyrex glass blocks arranged tripod fashion over 
a ground cobalt glass plate in a Pyrex glass dish. (The concave quartz surface was 
used to overcome the difficulty originally encountered in m aintaining a free air 
bubble motionless under a flat plate.)
W hen the concave lens had been placed in position, the  liquid under examination 
was introduced into the dish so as to cover the lens completely, and a small air 
bubble released under the  lens by means of a pipette. The dish was then covered 
w ith a flat glass plate, the optical system adjusted, and the Newton’s rings formed in 
the bubble observed.
As a bubble approached the plate i t  was observed th a t the innermost rings moved 
towards the centre, while the outer rings moved away from the centre of the ring 
system. This behaviour indicated the presence of a ‘b arrier’ ring (see p. 272 and 
Derjaguin & Kussakov 1939a), having a minimum distance of separation from the 
plate. The barrier ring was located between the inward-moving and the outward- 
moving N ew ton’s rings.
W hen the motion of the bubble was sufficiently slow, the rings were photographed. 
The diam eter of the rings was m easured on the photograph and the profile was 
constructed. A typical photograph and the corresponding profile was given in 
figures 4 and 5.
The miffimnm distance of separation of the bubble from the plate could then be 
calculated as follows:
The length of a chord A  B  (figure 5) a t a known height above the plate was measured 
on the profile, and the lengths of a  num ber of such chords plotted against the 
corresponding heights. I t  was generally found th a t for heights up to about 10,000  A, 
a straight-line relationship was obtained, i.e. . '
I = A  -t- B h , » (3)
where I is the length of the chord, and h is the distance from the chord to the plate. 
In  cases where experimental results deviated from this relationship, the equation
I = A - 1- B h  +  Gh2 : (4)
was found to be satisfactory. In  these equations A , B  and C are constants. Use of 
one of these equations enabled the value of h corresponding to zero I to  be calculated.
v Electroviscosity. I I  283
This value gave the minimum optical distance of separation of the bubble from the 
plate. I t  was therefore not necessary to know the exact magnification used in the 
photograph. The actual distance of separation could be’ obtained by dividing the 
optical distance of separation by the refractive index of the liquid.
6
5
4
3
2
1
5 64 7 8 9 1030 2 111
distance m easured on photograph (cm.)
F i g u r e  5. B ubble profile in  water: distance o f separation 1000 A.
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Before discussing the results obtained, it  is desirable to point out some of the 
experimental difficulties which were encountered during the course of the work:
{1) The distortion of the bubble from the spherical shape made necessary the 
devising of the special extrapolation m ethod used for the calculation of the  closest 
distance of approach. This will introduce a higher degree of uncertainty than  the 
corresponding extrapolation for a spherical surface.
1000
900
800
700
<y 6 oo1200
500
400g 800
300O 600
2004 0 0
100200
'•0250-015
1 N T
0 0005 . 0-015 0-025
1 N T
F i g u r e  6 . D istances o f  approach o f bubble F i g u r e  7 . D istance o f approach o f bubble
in  benzene. O r =  0 -129cm. A r =  0-094 cm . ineth er. O r  =  OT25cm . A r  =  0-085cm .
x r  =  0-041 cm. x r  =  0-049 cm.
{Note. The estim ated  experim ental errors o f  ±  50 A  have not, in  th e  interest o f  clarity, been  
ind icated  on these graphs.) ,
(2 ) The small radius of curvature of the  bubble gave a high rate  of change of 
distance between the bubble/liquid and the solid/liquid interfaces. This means th a t 
the Newton rings are formed very close together, making necessary the use of higher 
magnification in the photographs (usually about 100  times), and involving a lower 
degree of accuracy in the  location of any individual ring than  is possible when the 
rings are widely spaced.
(3) The liquid under examination and the air in the bubble m ust be m utually 
saturated  to  ensure th a t no alteration in the size of the bubble takes place.
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F i g u r e  10. Approach o f bubbles in  1 N potassium  chloride solution.
O r  — 0-052 cm ., A v =  0-094 cm ., Q r =  0-122 cm. and x  r =  0-182 cm.
(Note. The estim ated  experim ental errors o f  ±  50 A  have n ot, in  the interest o f  clarity, been  
ind icated  on these graphs.)
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This requires accurate tem perature control, which was not feasible in these experi­
ments.
(4) Owing to distortion, the pressure inside the bubble, if required, is no t easy to 
calculate. -
Owing to  these experimental difficulties, the results obtained were not of a high 
order of accuracy, b u t it  is subm itted th a t certain definite qualitative conclusions 
m ay be drawn from them . Figures 6 to  10 give distances and tim e of approach to 
the plate for bubbles of various sizes in dry benzene and ether, in water and dilute 
solutions of potassium chloride, and in concentrated potassium chloride solutions 
respectively. The possible experimental error is represented on the graphs as 
±50 A.
I t  is seen th a t w ith small bubbles (radius approx. 0-05 cm.), the rate  of approach 
to  quite small distances (less than  100 A) is fairly rapid in the non-ionic liquids and 
in  the concentrated potassium chloride solutions. For larger bubbles the  times of 
approach are considerably greater, measurable approach continuing after more 
than  48 hr. in the case of bubbles of radius approx. 0-125 cm.
Figures 6 and 7 dem onstrate th a t, for bubbles of constant radius approaching the 
plate in the same non-ionic liquid, the distance of separation (when this is small) is 
approxim ately inversely proportional to  the  square root of the tim e of approach: 
this is to  be expected from the approxim ate equation (71) in the preceding paper 
(p. 273).
In  the experiments with water and dilute aqueous solutions of potassium chloride, 
i t  is seen th a t the distance of separation falls off less rapidly than  in the non-ionic 
liquids, the distance now being approxim ately inversely proportional to the fourth 
root of the  tim e of approach.
Figures 8 and 9 correlate graphically the distances of separation for bubbles (in 
the various liquids a t a fixed time, 10 ,0 0 0 sec.) w ith the pressures inside them, 
calculated from the surface tension and the radius (neglecting distortion). I t  is 
seen th a t the curves so derived are of the same form as the  'equilibrium  separation’ 
curves given by Derjaguin & Kussakov. However, after this tim e slow b u t m easur­
able approach is continuing, and equilibrium has not been reached.
Further, the rate  of approach of a bubble of given radius is found to be dependent 
on the ionic concentration in the dilute potassium chloride solutions, decreasing as 
the ionic concentration decreases. This fact, together w ith the observation th a t the 
distance of approach is no longer inversely proportional to the square root of the 
tim e of approach is taken as indicating the operation of an electroviscous resistance 
to  approach in dilute salt solutions, this resistance decreasing as the ionic con­
centration increases, as previously predicted (p. 273).
The results obtained in concentrated salt solutions (e.g. in In-K CI, figure 10), . 
where the distance of approach is found to  be approxim ately inversely proportional 
to  the square root of the tim e of approach (as w ith the non-ionic liquids) are thus also 
in agreement w ith the prediction. In  concentrated salt solutions, where the electro- 
kinetic potential is small, and the specific conductivity large, the electroviscous 
resistance to  approaches negligible compared w ith the ordinary viscous resistance, 
even a t very small distances of approach.
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• 5 . C o n c l u s i o n s
1. The work described in this paper has dem onstrated th a t rigid solvate layers 
of thickness 100 A or more (as reported by Eversole & Lahr) do not exist a t quartz 
interfaces in water, m ethyl alcohol, toluene and ether. I f  a rigid layer of ions or 
molecules is attached to  the surface, it  is of thickness considerably less than  25 A.
2 . The high distances o f  separation between surfaces pressed together in liquids, 
observed by Derjaguin & Kussakov do not correspond to  equilibrium states, bu t 
are the result of slow approach under the influence of viscous and electroviscous 
forces. ■ft
3. Qualitative evidence for the existence and importance of the electroviscous 
effect in ionic solutions has been obtained. Further experimental work is now in 
progress, w ith the object of testing directly the quantitative equations derived in 
the  preceding paper.
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Electroviscosity
III. Sedim entation phenom ena in ionic liquids
B y G. A. H . E l t o n ,  Chemistry Department, Battersea Polytechnic
{Communicated by J  .Kenyon, F .R 8 .— Received 29 January  1949)
I t  is demonstrated that the rate of sedimentation of a system of particles in an ionic liquid 
may vary markedly with the ionic concentration, due to variation in the electroviscous forces 
which resist shear in the double layer of ions associated with each particle. Equations 
governing the rate of sedimentation are derived, and used to calculate values for the electro- 
kinetic potentials of carborundum in potassium chloride solutions, from data on sedimenta­
tion velocity. These values are compared with those previously obtained from data on 
electro-endosmosis.
1 . I n t r o d u c t i o n
I t  is well known th a t when an electrical double layer a t  an interface is sheared, a 
potential gradient is set up in the plane of shear. I t  has been shown (Elton 1948 a, b)  
th a t  in the  case of an ionic liquid flowing through a narrow channel, the  electrical 
resistance to  shear of the double layer m ay be of the same order of m agnitude as 
the mechanical (viscous) resistance, w ith the result th a t the liquid has an  abnorm ally 
large apparent viscosity. I t  is proposed to  dem onstrate in this paper th a t a similar 
effect becomes noticeable in the sedim entation of particles in suspension in an ionic 
liquid, and th a t the ra te  of sedim entation of a particle in a given liquid m ay provide 
useful information concerning the electrokinetic potential a t  the particle/liquid 
interface.
2 . S e d i m e n t a t i o n  p o t e n t i a l s
Consider a system of spherical particles of radius a and density p% sedimenting in 
an  infinite volume of a solution of a uni-univalent electrolyte of ionic concentration n. 
L et this solution be of density px, and have an electrokinetic potential £ a t the particle/ 
liquid interface. Let the particles be of concentration N  per un it volume, being 
separated by distances such th a t each m ay be considered as a separate unit, electric­
ally and mechanically. Let the specific conductivity of the  suspension as a whole 
be k . This will be very nearly equal to  the bulk conductivity of the solution. As the 
particles fall through the liquid, a sedimentation potential gradient will be set up, 
given by
E  = i g f t y y  (1)
K
where cr is the charge per unit area on a particle, and u  is the velocity of sedimentation. 
. The charge carried by  the particle is equal to  the net charge in the associated 
double layer, and provided th a t the  radius of the particle is much larger than  the 
effective thickness of the  double layer, we m ay write
=  ~  J Q P x d x > (2)
[ 568 ]
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where px is the charge density a t a plane distance x  from the particle surface, and is 
given by the Poisson equation for a plane surface
dx% e ’
where ijr is the potential a t distance x  from the surface, and e is the dielectric constant 
a t th a t point, usually taken as equal to  the bulk dielectric constant of the liquid. 
From  equations (2 ) and (3)
. •  r di t dx> w
* .  477-Jo dx2
€th a t is, ' <t = —
477
dr}/
dx (5)
Since d^fd x  — 0 when x  =  oo, this becomes
- ■ * - - k W )  • ■ (6)‘ten \ U'-*' / x=o
Verwey & Overbeek (1948) show th a t this leads to
where k  is the Boltzm ann constant, T  the absolute tem perature, e the charge on
2^2 / Q   Q \ Q
the electron and i/rQ =  £. From  equations (1) and (7), and setting u  =  ---- --——— ,
*Va
where rja is the to ta l apparent viscosity, we obtain the expression for the sedim enta­
tion potential
■Wift /'.! -'/-V / -'.«* 7'\* sinJl / (8)
9 VaK \  7T I \ 2 k T j
er I er  \  eC
W hen - -^< 4 1 , th a t is, when £<^50mV, we m ay write s i n h f ^ ^ l  =  w^ en
equation (8 ) reduces to
2 ai (p2 - p 1)gNe£ ,
A ’ ; ( )
(
ek T  \*
Snne*) ’ Debye-Hiickel ‘double-layer thickness’.
Although this approxim ation is only strictly valid for very small electrokinetic 
potentials, the work of Verwey & Overbeek indicates th a t it  m ay adequately repre­
sent experimental data  a t rather higher values. -
In  cases where the double-layer thickness is not negligible compared w ith the 
radius of the  particle, Verwey & Overbeek show th a t the charge per unit area on the 
particle is for small values of £ approxim ately
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' 3 . E l e c t r o v i s c o u s  r e s i s t a n c e  t o  s e d i m e n t a t i o n
The rate  of sedimentation of a particle in the suspension as postulated will be 
smaller than  it would be in a non-ionic liquid having the same density and viscosity, 
since it  is subjected not only to  viscous retarding forces, bu t also to  an electrical 
retarding force exerted on its associated charge by the potential through which it 
falls. A t equilibrium, th a t is, for uniform rate  of sedimentation,
§717] aau = %Tra?{p%—py)g =  Qmjau + E  4jra2cr, (11)
where tji s the viscosity of the suspension in the absence of electrical retarding forces, 
and 7ja is the to ta l apparent viscosity.
Hence, substituting for E, or and u, we have <
16 nekTa3N  . e£ \
Va = V+ ^  (12)
For small values of £ this reduces to  '
_ a t e ^ N
u  1 6n \ 2K ' ' 1
I t  is shown experimentally in the following section th a t the difference between 
7j and 7ja m ay be considerable. The effect of increasing the salt concentration of the 
solution will be to  decrease £, and a t high concentrations, when £ tends to  zero, 
7fa will tend to  7).
In  cases where A is not negligible compared with a, the charge per unit area on the 
particle is given approxim ately by equation (10), and equation (13) becomes
ae2£2i\r(l 4-a/A)2 ..
4 . E x p e r i m e n t a l
In  order to  test experimentally the equations derived above, it  was proposed to  
make observations on the rates of sedim entation of two available specimens of 
carborundum. Fairbrother & M astin (1924 , 1925) have studied electro-osmosis of 
various electrolytes in diaphragms of carborundum, and used the Helmholtz- 
Smoluchowski equation ™
‘• - W  <i 5>
where v is the velocity of electro-endosmosis under a potential gradient E  to  calculate 
electrokinetic potentials from their data. These values for £ are thus available for 
comparison w ith values of £ which m ay be calculated from equation (12) if the rate  
of sedim entation of particles in suspension in a liquid of given concentration is known, 
and compared with the rate  of sedimentation in the absence of electroviscous forces, 
th a t is, as the concentration tends to  infinity.
The m ain difficulty to  be expected in calculating the electrokinetic potential in 
this way lies in the fact th a t the particles are not spherical. Since the irregularly 
shaped particles would have a larger surface area than  spheres of the same effective
radius (as determined by sedimentation velocity), the charge transported will be
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greater, and the value of £ calculated on the assumption th a t the particles are spheres 
will be larger than  the true value. However, if the equations derived above represent 
correctly the conditions governing sedimentation, values for the electrokinetic 
potentials a t least of the right order should be obtained. '
The two carborundum specimens used were separated by successive sedimentation 
from 600- and 800-mesh m aterial supplied by the Carborundum Company, Ltd., 
and microscopic observation indicated th a t they  were of uniform particle size. The 
specimens were treated  with aqua regia, and washed m any times with distilled water, 
followed by several washings with conductivity water. AnalaR potassium chloride 
recrystallized from conductivity water was used in the preparation of the solutions. 
The specific conductivity of the water used was about 0-6 x 10-6 ohm -1  cm.-1.
The apparatus in which sedim entation was carried out consisted simply of a 
measuring cylinder of length 30 cm. and diam eter 3*5 cm., fitted with a ground-glass 
stopper. In to  this was introduced 200  ml. of the solution to  be used, containing 
1 x 10- 3g./ml. of carborundum in suspension. The tube was clamped vertically in 
a therm ostat m aintained a t 25-00 + 0-005° C until tem perature equilibrium had been 
reached, then removed for a  few moments and thoroughly shaken to  bring the 
carborundum  into a uniform state  of suspension. The tube was replaced vertically 
in  the therm ostat, and the sedim entation observed. I t  was seen after a short time 
th a t  there was a sharp division between the sedimenting suspension and the clear 
liquid, giving a meniscus th a t was more or less concave, due probably to  wall effects 
and to  the ex tra tim e taken for the particles to  detach themselves initially from the 
edge of the air/solution interface. The bottom  of the  meniscus, in the  middle of the 
tube, was observed, and the tim e taken  to  fall between various fixed marks on the 
tube determined. A graph of distance below the surface of the solution against time 
was plotted for a t least two determinations on each system, a  straight line being 
obtained after a few minutes. The slope of this line was determined by the method 
of least squares from each set of data, results being reproducible to  about 2 %.
I t  was found th a t  as the salt concentration was increased from very small values, 
the  rate  of sedim entation of a given suspension increased markedly. W hen the 
concentration had reached a value of about 1 x 10- 3n , the ra te  of sedim entation was 
only slightly increased by further additions of salt. D ata  for the  two suspensions 
are given in table 1 , together w ith an extrapolated value for B co> the limiting ra te  of 
sedim entation in concentrated solutions. Values for the electrokinetic potentials of 
the carborundum in the various solutions were then  calculated both from equation
(12) and from equation (13) in each case, making the simplifying assumption th a t 
the particles were spherical. The results of these calculations are given in table 2 , 
together with the values obtained a t  the  same concentration by interpolation from 
the data  of Fairbrother & Mastin. The final column of table 2 shows the  ratio  between 
the mean values of £ as determined by sedimentation, using the exact equation (12), 
and £ as determined by electro-endosmosis. I t  is seen th a t  the values calculated 
from the data  using equation (13) are very high, since the approxim ation
a™h( ^ )  = S r
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is not in these cases even approxim ately valid. Equation (12) leads to  values of £ 
which are, as expected, higher th an  those obtained from electro-endosmosis data, 
b u t in an almost constant ratio. These experiments thus provide a semi-quantitative 
verification of the theoretical equations. ,
T a b l e  1
KC1 batch I  batch  I I
norm ality (rate m m ./m in.) (rate m m ./m in.)
lx io-5 0-518 0-125 '
2 x 10~6 0-66r 0-158
5 x I 0 -8 0-91a 0-210
l x l O - 4 l-070 0-26e
2 x 10-4 l-208‘ 0-30„
3 x  10-4 1'309 0-31x
5 x lO"4 1-36! 0-33s
1 x 10-3 1'415 0-34!
5 x 10-3 1'445 0-349
1 x  10~s l-456 0-360
- Roo (ext.) 1-48 0-36
T a b l e  2
. m ean £end.
b atch  I b atch  I I ^sed. (m V )’ *
£ from  £ from £ from £ from from F air­
KC1 eqn. (13) eqn. (12) e q n . (13) eqn. (12) eqn. (12) brother £sed./
norm ality (mV) (mV) (mV) (mV) (mV) & M astin Cend
1 x 1 0 -6 2713 265 2730 265 265 — —
2 x 10-B 2223 254 2244 255 255 73 3-49
5 x 10 -6 1521 236 1623 240 238 6 8 3-50
1 x  10~4 1230 224 1181 2 2 2 223 6 6 3-38
2 x 10-* 939 210 893 210 210 , 63 3*33
3 x 10-4 718 196 788 . 201 199 60 3-32
5 x 10 -4 582 187 555 183 185 56 3-30
1 x  lO -3 424 170 458 174 172 50 3-44
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Electroviscosity. IV. Some extensions of the theory of flow 
of liquids in narrow channelsj
B y G. A. H. E l t o n  a n d  F. G. H i r s c h l e r  
Chemistry Department,, Battersea Polytechnic
(Communicated by J . Kenyon, F.R.8 .— Received 26 March 1949)
In  th is paper the previous theoretical work on electroviscosity is extended and modified, 
w ith special reference to  the sim plifying assum ptions necessary in the derivation o f the  
equations.
1. I n t r o d u c t i o n
In  previous papers in this series (Elton 1948a, 19486 , 1949 ), it  has been shown th a t 
when an electrical double layer of ions a t an interface in an ionic liquid is sheared, 
the electrical resistance to  shear may, in .certain circumstances, be an im portant factor 
affecting the rate  a t which flow takes place in the liquid. For instance, when an ionic 
liquid flows through a narrow channel in a solid, it  m ay exhibit an apparent viscosity 
equal to  several times its normal bulk viscosity. On the basis of various simplifying 
.assumptions, equations were derived to  show how the  apparent viscosity of a liquid 
varies under such conditions. For/example, it  was shown (1948 a) th a t when an ionic 
liquid flows between two similar parallel plates of infinite extent, separated by  a 
(distance 2 h, then the apparent viscosity <rja <of the liquid is given by
where y is the normal viscosity of the liquid, e is the dielectric constant, £ the  electro­
kinetic potential a t the solid-liquid interface, k  the specific conductivity of the liquid 
in the tube, and A is the Debye-Hiickel expression for th e  effective thickness of the 
double layer. W hen Adequation (!) reduces to
3e2£2 
Va'=V + 32tt‘W k ' (2 )
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Two simplifying assumptions were made in the derivation of equation (]), namely, 
(a) th a t in calculating the charge distribution in the double layer it  was permissible 
to write sinh eijrjkT =  eiJr/kT, where e is the electronic charge, k  the Boltzmann 
. constant, T  the absolute tem perature, and iff is the potential a t any point in the 
double layer; and (b) th a t the potential a t the axis of the tube was zero.
I t  will be shown th a t for a single surface, the first of these approximations, although 
strictly only a limiting one, nevertheless results in an expression for the potential 
distribution which is in good agreement w ith th a t obtained by use of the full 
expression for values of £ as high as 150 mV. The assumption (6) then becomes 
unnecessary, provided th a t the agreement persists in the case of two surfaces.
2 . T h e  p o t e n t i a l  d i s t r i b u t i o n  a t  a  s i n g l e  s u r f a c e
Considering the ions of the double layer as point charges the Boltzmann distribu­
tion equation leads, for uni-univalent electrolytes of ionic concentration n , to the 
expression
px = - 2 n e s w h
where i]r is the potential a t a distance x  from the solid-liquid interface, and px is the 
corresponding excess charge density.
When this is combined with the Poisson equation
dhjr 477/?x
d x 2 e
the  following equation is obtained:
d 2ilr 8nne . . e t l r  ■ , , „
y y  =  s m h r ^ .  3
d x 2 e k T  v '
I f  the substitution efrjkT  =  sinh e\JfjkT is made, this equation becomes
d 2\jr 87rne2
dx2 e k T f .  (4)
From  these two equations (3) and (4) it  follows th a t for any given value of fr, 
d2ijrjdx2 is greater when calculated from (3) than  when calculated from (4), and th a t 
dijr{dx as calculated from (3) is more negative than  as calculated from (4). A t the 
surface the condition is th a t ijf — i/r0) a fixed value. Hence as calculated from (3) 
drops more rapidly a t first than  as calculated from (4), bu t the slope, dilrjdx, obtained 
from (3) more rapidly levels out th an  th a t obtained from (4). Since a t x  =  0 both 
values of ^  are the same, and these two effects tend  to cancel out, the values of \Jr 
never become very far separated.
(i) Solution of equation (3)
Multiplying equation (3) throughout by dfrfdx and integrating •
© ' • “ " - S * 1  151
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is obtained, where B  is an integration constant. I f  when x  =  oo, ijr — 0 and dfrjdx — 0 , 
then
S n n kT±S = ------------
e
T“ t Jsa$jaj-i,pT2TJ’fc
i.e. l o g t a n h ^ =  ± X  +  <7' (7)
W hen x = 0 , fr = ijr0, hence C = — log tanh  ei/rj4fcT  and
x  ' tanher5r/4feTr -
~A  =  1°g ta n h e ^ /4 fe r  (8)
(the negative root is taken, since for all values o ix , \ j f ^  tfr0, and
tanh  efrjVkT < tanh  efr0j4:kT).
Hence e_x/A =  tanh  . / ta n h  .4:kTJ 4 k T
Putting  J. =  ta n h e ^ 0/4&T, this m ay be written
Hence
(9)
1 4- A p—#/A
eef,2W =  T V 3V 3A-; " (10)
, 2k T ,  1 + A  e~xlx
^ T l0g l - ~ i e ^ - (U)
(ii) Solution of equation (4)
This is a standard equation whose solution is
-(jf =  a  e^A + /? e~Xj,A,
with the boundary conditions x = 0 , fr = iJfQ] x = oo, ijr = 0 , this leads to
ijr =  i/r0e~xlx-. (12)
Curves showing the relation between i[r and x  are drawn in figures 1 to 4. The values 
of f f  were calculated from the equations (11) and (12) respectively, using different 
values of frQ, the potential a t the surface (=  £)• These curves show th a t the values 
of fr as calculated from equation (12) are in good agreement w ith those calculated 
from equation (11) for values of £ as high as 150mV. I t  m ay therefore be inferred 
th a t equation (4), and hence equation (12) also, give a good approximation to  the 
true equations of the  potential distribution.
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100 100'
ijr
x/Xx/X
O refers to  equation (12)
F i g u r e  1 . In  equation (1 1 ) 4  =  0 -5 , 
hence i/r0 =  5 6-8  m V.
x refers to  equation ( 1 1 )
F i g u r e  2. In  equation ( 1 1 ) 4  =  0-75, hence 
i/r0 =  1007  m V.
150'
200100
rjr
100
0 2 31 1 2 3
x/X
O refers to  equation (12)
F i g u r e  3. In  equation (11) 4  =  0*9, hence 
t/r0 =  152-5 m Y.
x/X
x refers to  equation (1 1 )
F i g u r e  4. In  equation ( 1 1 ) 4  =  0-99, 
hence i/r0 =  274 mV.
3 . P o t e n t i a l  d i s t r i b u t i o n  b e t w e e n  t w o  i n f i n i t e
PARALLEL PLATES DISTANCE 2h APART ,
The full equation (3) cannot be solved in general term s in this case. The boundary 
conditions th a t ijf =  when x  =  0 ; ijr =  ijrm and dijr/dx =  0 when x = h; and ijr = i}rQ 
when x  =  2h, change equation (6) to
dilr l lQ n n k T . . . *^  =  ---- ----- - (coshy — coshu) j , (13)
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where, y  — e^rjkT, and u  =  etjr^kT . This equation,, on integration,, gives an elliptic 
integral involving ijr. ijr m ay then he evaluated for various values of x. The function 
is of the form
F(cc*, (j)) =  —r 7— (14)
2AA/(sina  )
where log sin a ' =  ei/rmjk T  and log sin ^  =  e(ifrm — \Jr)lkT, and C is an integration 
constant.
The problem m ay be solved if the approxim ation sinhe^/feT =  eijrjkT is made, 
and equation (3) reduced to  equation (4). I t  has been shown in § 2 th a t this approxi­
m ation leads to good results for a single surface. I ts  use for the potential distribution 
between a pair of parallel plates is therefore not yet justified, b u t it  m ay be concluded 
th a t for plates not extremely close together the  equations obtained represent the  
potential distribution quite well. The present theory is in  any case invalid for plates 
in very close proxim ity (where hjX is less than  1), for then  the num ber of ions con­
cerned is generally no longer statistical, especially when the effect of the ionic atm o­
sphere in gathering together of the  ions is remembered. These last considerations 
limit  the use of the  theory to plates a t a moderate distance apart, a t low concentration 
because of the high value of A, and a t higher concentrations because of effect of non- 
statistical numbers of ions between the plates (A and hence also h being small).
Under these hm itations equation (4) will now be solved for the case of a pair of 
parallel plates of infinite extent.
Multiplying the equation throughout by di/r[dx  and integrating
1 / dilr\2 fr2 , ,
I - r ;  I =  xvs +  constant2 \ d x j  2Aa
is obtained. P utting  in the condition dijrjdx =  0 ,i}r = i[rm a t x = h, taking the square 
root, and integrating again
*  + " ! & * - f l j \  , 15v
is obtained. Solving this equation for ijr, we obtain, for values of x  between 0 and A,
f  = + (16)
A.
where A ' = ^ Q + V (^o-^m )-
On putting the condition yjr =  \Jrm when x = h in equation (15), the following relation 
between ijrm and ijr0 is obtained:
■drm = — %Vpr. (17)^ cosh/&/A
4 . D e r i v a t i o n  o f  t h e  e q u a t i o n  o f  f l o w  b e t w e e n  p a r a l l e l  p l a t e s
As previously shown (1948 a), the quantity  of liquid Q flowing per second through 
a  section of the system of unit length and breadth under a pressure gradient P  is
/*2h  i  r '& n r p c r  f E  1
Q = J o v<fo =  - J o \ - ^ ( 2 h - x ) + — { f t - f Q) jd x ,  (18)
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where v is the rate  of flow a t distance a; from one plate, and P i s  the streaming 
potential gradient set np in the plane of flow. Substituting for ijr from equation (16)
d x ,  (1 9 )
r27& rh
since by sym m etry vdx = 2 I vdx.
Jo Jo
Equation (19) on integration gives
(20)
Let the reduced rate  of flow result in an apparent viscosity ija, where
2 Ph? £eP . '
Q =  -7;—  9 E  =    and —
' y  3 y a ' 87TV a K
Tw A A ' ( l - e - h'1) A # L (e * » - in
Then ^  + 3 2 ---------- — -IS J’ (21)
where A ' = £+^J( £ 2 — ^ ) .  From  equation (21) we can calculate values of rja when 
is not zero. The required values of m ay be obtained from equation (17), or 
they  m ay be calculated from the full equation by means of the solution (14). Values 
of ijfm, for various values of hjX and ijf0 obtained in this way, are given by Verwey & 
Overbeek (1948 ). W hen \Jrm is substituted from equation (17) equation (21) is 
reduced to
= ? + <**)
I t  should be noted here th a t the term  £2 appearing in equation (22) is not a con­
sequence of the approxim ation eifrjkT — sinhe ft/kT , bu t one factor £ comes from 
the expression for the  streaming potential E , and the other from the integration
jijrdx. Hence the error introduced by the approxim ation appears in the final equation
only in the m agnitude of the error in the integral^ijr dx. From  the figures 1 to  4 it will
be seen th a t for values of £ less than  150 mV the areas under the two curves differ 
only very little. In  table 1 values of F ' the ratio of 7ja — if calculated from equation 
(22) to those calculated from equation (1) are given for different systems. For 
m oderate values of hjX the agreement is good.
5 . D e r i v a t i o n  o r  f l o w  e q u a t i o n  b e t w e e n  p a r a l l e l
PLATES SEPARATED BY A LARGE DISTANCE
For plates separated by a distance 2h, where hjA is greater than  10, \[fm, the poten­
tial a t  the centre of the tube, is less than  x^gq-th of ?/r0, the potential a t the surface. 
Consequently, the assumption th a t the double layers a t the two surfaces do not 
interfere is valid. The electroviscous effect m ay then be calculated without making 
the  approxim ation sin h ei/rjkT =  eijrjkT.
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T a b l e  1
h
(cm.)
1 X 10-5
3 x  1 0 -5
5 x  10~B
electrolyte
norm ality h/X F '
'1  x 1 0 -« 0-32 0-14
1 X lO"5 1-03 0-70
' l x  10-* 3-24 0-98
4 x  10-4 6-49 1 -0 0
r 1 x 10-6 0-97 0-65\ 1 X 10-5 3-08 1 -0 0
[ l x l O - 4 9-73 1 -0 0
f 1 x 1 0 - 6 1-62 0-95\ 1 X lO"5 5*13 1 -0 0
1 x 1 0 - 4 16-2 1 -0 0
Since there is no interference the potential distribution a t both the surfaces is 
the same, and the same as th a t for a single double layer, hence the distribution is 
given by equation (11). Substituting for \jr in equation (18) from equation (11), 
expanding the logarithm and integrating, the expression
_ 2Ph3 eEdrJi 2 e k T X E V .  ... A 3 ... A 5 ... "1
Q -  + - s r  L * 1 ) + s* (1 ) + }  J
is obtained. Substituting for Q, E  and i/r0 as before and rearranging
3e2£2 Se% kT X r . ' A 3 ... A 5 .... “I
’ • =  ’ '+ 32n W  ~  t o W  | / (1 ~  ] +  9  (1"  * >  + & {1~  S ] + ■ • J '■
(2 2 a)
6. F l o w  in - a  c y l i n d r i c a l  t u b e .  i]/m =  0, s in h  eifr/kT = eijrjkT ■
This case has been examined in a previous paper (1948 a). I t  is proposed here to 
give a full solution of the problem, and to  demonstrate th a t the equation reduces 
in the limit  to th a t obtained previously by an approxim ate method.
(i) Potential distribution in  a cylindrical tube 
The Poisson-Boltzmann distribution equation for a cylindrical tube is, when 
sinhe^/feT =  ei/c/kT,
l ± ( r d £ \  = ±  ,23.
r d r \ d r )  A2’
where \jr is the potential a t a point distant r from the axis of the tube. In  part I  of 
this series (1948 a), equation (9) is not a correct solution to  this differential equation. 
This solution should be
#  = + (24)
where / 0(rA) is a Bessel function of imaginary argum ent of the first kind and zero 
order and K Q(rlX) is a Bessel function of the second kind and zero order. M  and N  
are constants of integration.
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For a cylindrical tube of radius a, when ijr =  0 for r =  0 and fr =  i/r0 for r =  a, 
N  =  0 and
I f  the reduced rate  of flow results in an apparent viscosity rja we obtain, on putting
For values of ajA greater than  9, the first two term s of the asymptotic expansions 
of the  Bessel functions give accurate values. Hence
2XI1{a'jX) 2A,(1-3A/8u) 
a IQ{a{X) a (l +  A/8a) '
Using the  binomial theorem  this reduces to
(25)
(ii) Derivation of the flow equation 
The quantity  of liquid passing through the tube in unit time is given by
CaQ — 27Trvdr, 
Jo
(26)
where v, the ra te  of flow of liquid a t distance r from the axis, is given by
(27)
Substituting from equations (25) and (27) in equation (26) and integrating, we obtain
(28)
Integrating the second term  by parts we obtain
J  r /0(r/A) d rJ
which on use of the  properties of Bessel functions reduces to
(29)
27r2/cu2
(30)
Hence
and
V a ~ 7 , +  2 ttW
eX2 
2n2Ka2’ (31)
 ^ w * ** \ (J 0 ..
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In  this equation, as in equation (2 2 ) of § 4, the term  £2 does not arise from the approxi­
m ation sinh efrjkT  — eiJ/jkT, bu t one factor comes from the expression for E, the
streaming potential gradient, and the other from the integral J ijrdr. As shown in 
§ 6 the error involved is therefore of the order of the error in the integral ^\}rdr.
7 . C o n c l u s i o n
I t  has been shown in this paper th a t the Debye-Hiickel approximation, 
sinh et/r/kT = eiJr/kT, leads to potential distribution equations a t single flat surfaces 
which are in good agreement with those calculated from the full expression, for 
values of the electrokinetic potential up to 150 mV. I t  has been deduced th a t the 
electroviscous effect between parallel plates calculated from these equations is not 
greatly in error for all plate separations for which viscosity can be treated  as a 
statistical phenomenon. An expression for the electroviscous effect in a cylindrical 
capillary tube was obtained, making the assumption th a t the potential a t the axis 
is zero. By analogy with the case of parallel plates this assumption will be good if 
the ratio radius of capillary to double-layer thickness is greater than  10 . The expres- 
tion is useful for all capillaries likely to be encountered in practice. For example, in 
a capillary of radius l/i, r)a m ay still be appreciably larger than  rj. The error here will 
be larger than  for the case of a corresponding parallel-plate system, since the 
potential a t the axis will be higher than  in the case of parallel plates.
The authors wish to express their thanks to  Dr K. L. Sutherland and Dr W. E. 
Ewers for their interest and assistance in this work.
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60. Determinations of Electrokinetic Charge and Potential by the 
Sedim entation Method. P art I . S ilica in  Aqueous Solutions of 
Potassium  Chloride.
By C. I. D u l i n  and G. A. H. E l t o n .
The sedim entation m ethod for th e determ ination of electrokinetic charges 
and potentia ls is applied to  the stu d y  of fused silica surfaces in  dilute aqueous 
potassium  chloride solutions. The results obtained are in  good agreem ent 
w ith  those calculated from stream ing potentials, confirming th a t th e  basic 
assum ptions used in  deriving the theory of the m ethod are sound. A ddition  
of sm all am ounts of silver chloride to  the solutions produces a rise in  the  
charge and a fall in  the potentia l, indicating th a t the use of silver-silver  
chloride electrodes in  electrokinetic experim ents is not to  be recom m ended.
V a r i o u s  methods exist for the determination of electrokinetic potentials, the best known 
being from measurements of electro-osmosis, streaming potential, and cataphoresis. 
However, as a general rule, the values of the potential determined for a given system by 
the different methods are very different (see, e.g., Monaghan, White, and Urban, J . Physical 
Chem., 1935, 39, 585; White, Monaghan, and Urban, ibid., p. 611; Rutgers and de Smet, 
Trans. Faraday Soc., 1945, 41, 758). The poor agreement is probably due, at least in 
part, to weakness in the theory of electro-osmosis and of cataphoresis, pointed out recently 
by Overbeek and Wijga (Rec. Trav. chim., 1946, 65, 556) and by Booth (J. Chem. Physics, 
1950, 18, 1361), respectively. The theory of streaming potential appears to be generally 
accepted, a t least in the case of wide tubes where electroviscosity has little effect (see, 
e.g., Elton and Hirschler, Proc. Roy. Soc., 1949, A, 198, 581), and the most careful measure­
ments of electrokinetic potentials yet made were probably those of Jones and Wood (J. 
Chem. Physics, 1945,13, 106), using the streaming potential method for fused silica surfaces 
in aqueous potassium chloride solutions.
Recently, a new method has been proposed (Elton, Proc. Roy. Soc., 1949, A, 197, 568; 
J . Chem. Physics, 1951, 13, 1317) in which the velocity of sedimentation of suspensions of 
small particles of the solid in the solutions considered is observed. The electrokinetic 
charge may then be calculated directly from the expression
a 2 =  g K {u 0 —  u ) ( p 2 — ?1) I M A 02u Uqp2 . . . . .  . . (1)
where a =  charge (e.s.u.) per unit area on the particles immersed in the given solution; 
g  =  gravitational constant; k  =  specific conductivity (e.s.u.) of the suspension; uQ =  rate 
of settling of the suspension in the absence of electroviscosity (i.e., in a concentrated 
electrolyte solution); u ~  rate of settling of the suspension in the. given solution; p2,P i =  
densities of particles and of solution, respectively; M  =  mass of particles per ml. of 
suspension; A 0 =  area per g. of particles. '
When the charge has been determined, the electrokinetic potential is obtained by using 
Verwey and Overbeck’s expression (“ Theory of the Stability of Lyophobic Colloids,” 1948, 
Elsevier Publ. Co. Inc., London), viz.,
[ 2 m h T \   ^ . (  zeC, \  
(  — ) S1 \ 2fcT /
where n =  number of charge-determining ions per ml. of the solution; s =  dielectric 
constant in the electrical double layer; k  =  Boltzmann constant; T  =  absolute tem­
perature ; z =  valency of charge-determining ion; e =  charge on the electron; K, =  
electrokinetic potential.
Two difficulties, the first of which is inherent in all electrokinetic calculations, arise 
in the use of equation (2) : (a) e, the dielectric constant in the double layer may differ
from the bulk value of the dielectric constant, owing to the high electric field in the vicinity 
of the surface, though this effect is likely to be small for solutions of concentration up to 
about 10~3n  (Conway, Bockris, and Ammar, Trans. Faraday Soc., 1951, 47, 756). (b) In
aqueous solutions, ions of several kinds may be present, viz., ions of added electrolyte, 
together with hydrogen and hydroxyl ions, and also bicarbonate ions unless very careful 
precautions to exclude carbon dioxide are taken. Further ions may be provided by 
ionisation of the solid surface although this source may be neglected for the purpose of 
the present paper, where work on fused silica surfaces is to be described. (The case of a 
solid, i.e., glass, which ionises to some extent, is to be dealt with in a later paper in this 
series.) The number of hydrogen, hydroxyl, and bicarbonate ions present in conductivity 
water is small, but at very low concentrations of added electrolyte, say below 10"5n, 
equation (2) is not strictly applicable, since it was derived for a single electrolyte species.
Since an assumption concerning the value of e is necessary for all calculations of electro­
kinetic potentials (see Wood, J . Amer. Chem. Soc., 1946, 68 , 432), it would in any case
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seem preferable to leave all data in terms of electrokinetic charge, a quantity which can 
be determined unambiguously from measurements of sedimentation velocity, using 
equation (1). Most data in the literature are, however, given in terms of electrokinetic 
potential, so in this paper values of both quantities are given. It appears likely from the 
above discussion that the potentials calculated are reasonably accurate in the concentration 
range 10~5n  to 10-3n , i.e., for most of the range over which electrokinetic measurements 
are usually required. In order to test this conclusion, determinations have been carried 
out for the system fused silica-aqueous potassium chloride solution, since silica provides 
a reproducible surface which is easily cleaned and, as mentioned above, reliable values for 
the electrokinetic potentials in this system are available for comparison from the work 
of Jones and Wood. One criticism can, however, be made of this work, viz., that in 
measuring the streaming potentials, use was made of silver-silver chloride electrodes. 
Our experiments have shown that these electrodes are not suitable for use in very dilute 
potassium chloride solutions, as the ionic concentrations may be appreciably increased 
by dissolution of silver chloride from the electrodes. In order to allow for this, sets of 
experiments were carried out by use of (i) plain potassium chloride solutions and (ii) 
potassium chloride solutions saturated with respect to silver chloride.
The sedimentation velocities obtained for a particle-sized specimen of fused silica 
powder in the two sets of experiments are shown graphically in the figure. In the table, 
data taken from the smoothed curves have been used to calculate surface charges and 
potentials, n — nor being used for the latter calculation; i.e., allowance has been made 
for the extra ions present 'in the solutions containing silver chloride. In the table, ux,
Ki> °i» £i> refer to the plain potassium chloride solutions, and u2, k 2, cr2, £2, to the solutions 
with added silver chloride. Jones and Wood’s values are given in the last column. I t 
is seen that the effect of the silver chloride is to raise the charge and lower the potential 
at low potassium chloride concentrations. The agreement between Z,2 and Jones and 
Wood’s values is quite good, being of the order of 5%, much better than that usually found 
between two independent methods. [For example, Rutgers and de Smet (loc. cit.) deter­
mined Z, for a given glass in potassium chloride solutions from measurements of both 
streaming potential and electro-osmosis. They found that the latter method gave 
potentials consistently about 30% lower than the former.]
Concn., n X 10® Ki X 10® ■wx X 103 u2 x  103 ox X IO"2 cr2 X 10- Si S2 S(J.& w .)
1 x  io-2 1460-88 1460-88 3-410 3-410 77-20 77-20 79-3 79-3 —
5 x 10~3 730-88 730-88 3-370 3-370 65-73 65-73 88-2 88-2 —
2 x 10~3 292-88 292-88 3-307 3-307 51-29 51-29 98-5 98-5 —
1 X 10~3 146-8 146-8 3-24x 3-24x 42-30 42-30 106-2 106-2 112-5
5 x 10-4 73-9 73-9 3-160 3-160 34-83 34-83 113-8 113-8 —
2 x 10~4 30-8 30-8 3-05, 3-059 26-03 26-03 122-3 122-3 —
1 x IO'4 15-28 15-50 2-94s 2-943 21-00 21-15 129-0 129-0 133-6
5 X 10~5 8-18 8-58 2-850 2-850 16-85 17-26 135-5 135-3 —
2 X 5.10-5 4-53 5-21 2-738 2-738 13-85 14-85 143-2 142-0 —
2 X 10~5 3-80 4-55 2-702 2-702 13-07 14-30 146-0 143-9 —
1 X IO'3 2-34 3-24 2-584 2-640 11-23 12-57 156-0 146-0 142-0
5 X IO'6 1-51 2-51 2-463 2-587 9-795 11-61 167-0 147-6 —
1 X — — 3-502 3-502 — — — — —
Water * — .— — — — — — — 177-0
* See Wood, J. Amer. Chem. Soc., 1946, 68, 437.
I t therefore appears that for the concentration range 1 0 _5n  to I0~3n, the only one 
covered by Jones and Wood’s work, the error introduced by setting n in equation (2) 
equal to the chloride-ion concentration, is small. Further tests, over wider ranges of 
concentration, are desirable, and are being made by us, but as previously mentioned, 
few reliable data for comparison are available. The good agreement between the results 
obtained from streaming potential and sedimentation velocity is some confirmation that 
the theoretical basis of the methods is sound. The latter method is a simple one to carry 
out experimentally, provided that the material to be studied is obtainable in powder 
form in sufficient quantity to permit the extraction of a 50—100 mg. sample of uniform 
particle size.
Finally, we may conclude .from the differences obtained in the two sets of experiments 
that for electrokinetic measurements, the use of silver-silver chloride electrodes is not to 
be recommended, at least in dilute solutions. This was realised by Wood and Robinson 
(J. Chem. Physics, 1946, 14 , 258), who used bright platinum electrodes for their measure­
ments on silica in dilute solutions of barium chloride.
E xperim ental
M aterials.— Fused silica powder was supplied b y  Messrs. Therm al Syndicate L td . I t  w as 
cleaned b y  repeated boiling w ith  aqua regia, and w ashed m any tim es w ith  con d u ctiv ity  w ater. 
The w ater used throughout these experim ents had a con d u ctiv ity  of 0-6— 0-8 gem m ho, sim ilar 
to  th a t used b y  Jones and W ood. Potassium  chloride w as obtained b y  recrystallising the  
“ A nalaR  ” salt several tim es from con du ctiv ity  w ater. Silver chloride w as prepared from  
recrystallised “ A nalaR  ” silver n itrate b y  reaction in  dilute solu tion  w ith  th e  calculated  
qu an tity  of potassium  chloride, w ashed thoroughly, and used im m ediately.
Particle Sizing of Silica .— This w as done b y  fractional sedim entation  in  a num ber of large 
shallow  pans followed b y  a sim ilar process in  m easuring cylinders. T he specim en used in  the  
experim ents described, w eighing about 70 m g., w as separated from about 100 g. of powder. 
I t  form ed a suspension w hich sedim ented a t a uniform  rate, g iving a sharp settling  m eniscus 
w ith  a lim iting rate of fall, in concentrated solutions, of 3-50 X 10~3 cm ./sec.
Sedimentation Experiments.— The specim en of silica w as suspended in  100 m l. of aqueous 
potassium  chloride solution, and th e  sedim entation  experim ents carried out as described  
previously (E lton, 1949, loc. cit.), in  a therm ostat a t 25-00° 0-01°. Solutions were prepared
b y  successive dilution, after th e  suspension had been allow ed to  settle out, a t least tw o deter­
m inations being m ade a t each concentration.' The w eight of particles per ml. in  th e  suspension  
w as determ ined a t the com pletion of the series b y  centrifuging and w eighing on a microbalance : 
M  =  6-765 X KM g./m l.
Surface-area Determination.— T his was done b y  a m odification of th e  ca ta lytic  decom ­
position  m ethod described b y  E lton  and M acDougall (J. Soc. Chem. Ind., 1946, 65, 212). A  
know n w eight of the particles w as g iven  a very th in  continuous coating of m etallic silver b y  
stirring them  for ten  m inutes in  am m oniacal 4% silver n itrate solution  a t 60— 70°. The silvered  
particles were then  washed, w ith  centrifuging, and transferred to  a flask containing 1 0 0  ml. of 
a borax buffer solution of p H  9-7 in  a therm ostat a t 25-00°. The suspension of particles was 
stirred, and 25 ml. of 0-lN-hydrogen peroxide solution a t 25-00° rapidly introduced in to  the  
flask. A t th e  end of 100 seconds, the reaction was stopped b y  th e  addition  of an excess of 
2N-sulphuric acid, and the hydrogen peroxide rem aining determ ined b y  titration  w ith  per­
m anganate. T he rate of decom position of th e peroxide is d irectly  proportional to  the surface 
area of silver present. The m ethod w as standardised b y  using a silvered specim en of glass 
microspheres, prepared b y  B loom quist and Clark’s m ethod {Ind. Eng. Chem. Anal., 1940, 12, 
61), and accurately particle-sized b y  th e  m ethod described above. D eterm inations of lim iting  
settling  rate and w eight per ml. of a suspension of the glass spheres gave their m ean radius 
and area per g. The surface area of th e  silica w as then  obtained b y  com paring the rates of 
decom position of the peroxide b y  th e  tw o silvered m aterials. Area per g. (A0) =  1-234 x 104 
cm .2.
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5 6 4 .  Determinations of Electrokinetic Charge and Potential by the Sedi­
mentation Method. P art I I *  P yrex Glass in  Aqueous Potassium  
Chloride Solutions.
By G. A. H. E l t o n  and F. G. H ir s c h le r .
The sedim entation  velocity  m ethod for the determ ination of electrokinetic  
charges and potentia ls is applied to  the stu dy of P yrex-glass surfaces in  
dilute aqueous potassium  chloride solutions, (a) P yrex powder, consisting of 
irregularly shaped particles, and (b) microspheres being used. The good  
agreem ent obtained betw een results w ith  these different particles is further 
support for the va lid ity  of the sedim entation equation for non-spherical 
particles. The presence of a sm all am ount of silver chloride in  th e  solutions 
is shown to  produce, for low  potassium  chloride concentrations, a considerable 
increase in  charge, confirming previous conclusions on th e  unsu itab ility  of 
silver-silver chloride electrodes for electrokinetic use.
In  connection with an experimental. study of the surface conductivity of Pyrex-glass 
surfaces in aqueous potassium chloride solutions, to be described elsewhere, it became 
necessary to determine the electrokinetic charge c carried by Pyrex surfaces in such 
solutions. This has been done by using the method of electroviscous sedimentation (see 
Elton, y. Chem. Physics, 1951, 19, 1317; Dulin and Elton, Part I *) and the opportunity 
has been taken of further testing the theory of the method by comparing results obtained 
with irreguarly shaped particles of ground Pyrex with those using Pyrex microspheres 
prepared by the method of Bloomquist and Clark (Ind. Eng. Chem. Anal., 1910,12, 61). In 
addition, since some of the surface conductance measurements had involved the use of 
silver-silver chloride reversible electrodes, it was necessary to assess the effect of any 
dissolution of silver chloride from these electrodes on the charge carried by the Pyrex 
surface. For this reason, two sets of sedimentation experiments were carried out, (i) plain 
potassium chloride solutions, and (ii) potassium chloride solutions saturated with respect 
to silver chloride being used.
Calculation of the electrokinetic charges from the sedimentation velocity results for 
non-spherical particles was made, as in Part I, from the equation
° 2 =  9k(p2 — Pi)(«0 ~  u)/M A02p2uu0 . . . . . .  (1)
where g is the gravitational constant, P? and Pl are the densities of glass and 
solution respectively, k the specific conductivity of the suspension, M  the mass of particles 
per ml., A 0 their area per g., u the velocity of sedimentation of the suspension in a given 
solution, and u0 the limiting rate of settling, measured in concentrated electrolyte solutions. 
For spherical particles equation (1) simplifies to
=  P27)k (u o —  u ) i% M u   ...............................(2)
where yj is the viscosity of the solution. The electrokinetic potential £ may then be 
calculated by using the equation
/2nekT \*  . , t  zet \
° =  ( — )  ( 2 * 7 7 ...................................   <3>
where s is the dielectric constant in the diffuse part of the double layer (see Part I), k  is the 
Boltzman constant, e the charge on the electron, T  the absolute temperature, and n the 
number of charge-determining ions, of valency z, per ml. of solution. As pointed out in 
Part I, n includes ions supplied by the water and also, in the case of glass, by ionisation of 
the surface. In the suspensions used, the contribution of such ions to the total conductivity
* Part I, J., 1952, 286.
was found to be consistently 4—5 gemmhos (see Hirschler, Thesis, London, 1951), the 
estimated contribution to n being about 3 X 10_5n . In our calculations this amount has 
been added to the potassium chloride concentration to give the final value of n. In view of 
the fairly large value of this correction factor, values of £ are only given for potassium 
chloride solutions of 1CT4n  and higher concentrations. In fact, it is found from the form of 
equation (3) that for a given surface charge, the calculated potential is not very sensitive to 
the value of n taken, the 30 %  correction to n applied for the 10-%-solution leading to 
only a 3 %  correction in £.
The figure shows the results obtained for a, with two specimens of microspheres and one 
specimen of Pyrex powder, the agreement between the results obtained from these different 
batches being very good. The table gives the value of charge, taken from the graph, for a 
number of concentrations, being the charge in plain potassium chloride solutions, and 
<r2 that in solutions saturated with respect to silver chloride. Calculated values of Z, for
KC1, N ..................   2 X 10-3 1 X 10~3 5 X 10-4 2 x 10"* 1 X 10"* 5 X 10“5 2 X 10~5 1 X 10~5 5 X IO"6
o'! X IO"3, e.s.u./cm .2 12-41 10-80' 9-09 7-21 6-23 5-53 5-14 4-98 4-88
a2 X 10-3, e.s.u./cm .2 12-41 10-80 9-09 7-21 6-23 5-53 5-22 5-47 5-90
£, m v...............................   142 152 161 170 178 — — —  —
o  S p ecim en  I, KCl-AgCL  
A H, KCl
x  .. II,K C l-A gC l
□ « HT.KCL
■5 - 4 -3
lo 9 i oc
potassium chloride concentrations of 1 0 _4n  and over are given in the final line. As was 
the case for silica in potassium chloride solutions (see Part I), the effect of added silver 
chloride is to raise the charge at low potassium chloride concentrations, where the 
dissociation of the silver chloride becomes appreciable. The effect is rather more marked 
for glass, the charge actually rising with dilution below a potassium chloride concentration 
of about 3 X 10 “5n . These results confirm our previous conclusions that, wherever 
possible, the use of silver-silver chloride electrodes is to be avoided in electrokinetic 
measurements, especially in very dilute solutions. In the absence of silver chloride, the 
charge per cm.2 tends at low concentrations to a lower limiting value of about 4700 e.s.u. 
(compare the corresponding value of about 600 e.s.u. for silica). The extra charge is 
presumably due, at least in part, to the ionisation of the glass. The difference in charge 
per cm.2 between glass and silica remains at about 4000 e.s.u. up to about 10_4n , where the 
values to the nearest hundred e.s.u. are 6200 and 2100 e.s.u., respectively, then increases 
steadily, the values at 10~3n  being 10,800 and 4200 e.s.u.
No reliable values of the electrokinetic potentials of Pyrex appear to be available in 
the literature for comparison with those given in the table. The figures quoted by Urban, 
White, and Strassner (J. Phys. Chem., 1935, 3 9 , 311), calculated from Lachs and Biczyk’s
streaming-potential measurements (Z. physikal. Chem., 1930, A, 148, 441), show a maximum 
in the £-c graph, which, as shown by Rutgers (Trans. Faraday Soc., 1940, 36, 69), is due to 
failure to allow for the effect of surface conductance on the measurements, an omission 
which may easily cause errors of 100 mv in the values of £ obtained. The most reliable 
values for the electrokinetic potentials of a glass are probably those of Rutgers (loc. cit.) 
for Jena 16in glass, the potentials of which' are little different from those found by us for 
Pyrex; e.g., for the Jena glass in 10~4N-potassium chloride solution, a value of 165 mv was 
obtained (compare our value for Pyrex of 178 mv).
E xperim ental
Materials.— (i) P yrex  glass powder w as prepared b y  grinding clean P yrex  glass in  a mortar, 
follow ed b y  ball m illing in  an all-porcelain m ill for several hours. Particles in  the size range 
2— 5 m icrons were then  separated b y  fractional sedim entation. T hey were cleaned b y  treat­
m ent w ith  several changes of 18% hydrochloric acid, then  w ith  boiling nitric acid and aqua  
regia, and finally w ashed m any tim es w ith  con ductiv ity  w ater. (All w ater used in th is investig ­
ation  was “ equilibrium  ” condu ctiv ity  water, of specific cond uctiv ity  about 0-8 gem m ho.) T he  
m illing process produced a sm all am ount of very fine, near-colloidal porcelain dust, w hich w as  
easily  rem oved from the glass in  the fractional sedim entation  process, (ii) P yrex microspheres 
were m ade b y  B loom quist and Clark’s m ethod (loc. cit.), in w hich a fine d ust of P yrex particles 
is introduced in to  the air stream  of a blow pipe, and blow n through th e  flame. A fter form ation, 
th ey  were cleaned as described above. Particle sizing of powder and microspheres w as carried 
ou t as described in P art I (see also Hirschler, Thesis, loc. cit.).
P otassium  chloride and silver chloride were prepared in  a pure sta te  as described in P art I. 
A ll vessels used were treated  w ith  a lcohol-n itric acid and thoroughly steam ed im m ediately  
before use.
Sedim entation velocities for the suspensions were determ ined as described b y  E lton  (Proc. 
Roy. Soc., 1949, A, 197, 568), a therm ostat a t 25>0 0 °=j=0*01° being used. The m ass of particles 
per ml. of suspension was determ ined in each case a t the conclusion o f the se t of experim ents b y  
w eighing on a m icrobalance. L im iting rates of settlin g  (u0) and m ass per ml. (M) were : 
Specim en I (microspheres) 3*469 x Kb4 cm ./sec., 5-90 x 10-4  g ./m l.; Specim en II  (microspheres) 
3 T 9 7 x 10-4  cm ./sec., 8-22 x 10-4  g ./m l.; Specim en II I  (powder) 3-80g x 10-3 cm ./sec., 
4-50 x 10-4  g ./m l.
Surface-area determ ination for Specim en III  w as done as described in  P art I, th e m ethod o f  
cata ly tic  decom position of hydrogen peroxide being used : A 0 =  7-81 x 103 cm .2/g.'
B a t t e r s e a  P o l y t e c h n i c ,  S .W .ll. [Received, March 5th, 1952.]
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233. Determination of Electrokinetic Charge and Potential by the 
Sedim entation Method. P art I I I  * S ilica in  Some Aqueous Chloride
Solutions.
By C. I. D u l in  and G. A. H. E l t o n .
The sedim entation m ethod is used to  determ ine th e electrokinetic charges 
and potentia ls o f fused silica surfaces in  dilute aqueous solutions of various 
chlorides. A lthough the results for potassium  chloride agree w ell w ith  those  
obtained from stream ing-potential m easurem ents, y e t those for chlorides 
w ith  higher-valency cations differ to  som e ex ten t. Possible reasons for 
these deviations are discussed.
The sedimentation method (Elton, Proc. Roy. Soc., 1949, A, 197, 568; J . Chem. Physics, 
1951, 13, 1317; Dulin and Elton, Part I ;*  Elton and Hirschler, Part II*) enables the 
calculation of the electrokinetic charge from the velocity of sedimentation of a suspension 
of small particles from the expression
a2 =  (mq — u)gx(pz — p J I M A ^ uUqPz .................................................. (1)
where c is the net charge per unit area in the diffuse part of the double layer at the particle- 
liquid interface, g  the gravitational constant, k  the specific conductivity of the suspension, 
uQ the rate of settling of the suspension in the absence of electroviscosity {i.e., in a concen­
trated electrolyte solution), u the analogous rate in the given solution, px and p2 are the 
densities of solution and particle respectively, M  is the mass of particles per ml. of suspen­
sion, and A 0 the area per g. of the particles.
Once this charge has been obtained, the electrokinetic potential £ may be determined 
for binary electrolyte solutions of normality c from the expression
 ^ _ 1 ] +  D [exp ( - z+e£ikT) -  l]j*  . . .  (2 )
given by Verwey and Overbeek (“ Theory of the Stability of Lyophobic Conoids,” 1948, 
Elsevier Publ. Co., Inc., London). In equation (2), N  is the Avogadro number, e the 
dielectric constant in the double layer, k  the Boltzmann constant, T  the absolute temper­
ature, z+ and z_ are the valencies of cation and anion respectively, and e is the charge on the 
electron.
For solutions containing more than two ionic species, a more complicated expression 
has to be used, viz.
( ^ ^ ) i{ ^ [expM/&r)“ 1]+S| [exp(“ ^ /&r)_1]}i ' • • (3)
where the summation terms are those of the negative and positive ions respectively, cr and 
cs are the normalities of the ions of valency (zr)_ and (2S)+, respectively.
In solutions of chlorides of the higher-valency metals, hydrolysis often occurs, especially 
in very dilute solutions, resulting in the removal of multivalent cations and their replace­
ment by an equivalent number of hydrogen ions. In calculating the electrokinetic poten­
tial from the charge, this fact must be taken into account. If the charge and potential 
are positive, the positive-ion summation term in equation (3) is negligible, except for very 
low values of C Consequently, the effect of hydrolysis on the calculated value of the poten­
tial is generally small in cases where the charge is positive. For negative charges and 
potentials, however, the positive-ion summation term in (3) is the more important, and 
changes in electrolyte concentration produced by hydrolysis are important, and must be 
allowed for so far as is possible. I t  may be said, in general, that for a given surface charge,
* Part I, / . ,  1952, 286; Part II, / . ,  1952, 2953.
the behaviour of the counter-ions is the important factor in determining the electrokinetic 
potential.
Measurements were made of the sedimentation velocities of homodisperse suspensions 
of fused silica powder in dilute aqueous solutions of chlorides of sodium, hydrogen, barium, 
magnesium, lanthanum, and thorium, data from smoothed velocity-concentration curves 
being taken for the calculation of charges and potentials. The tables give the results 
obtained for these solutions (three in detail), some of which have been studied by Jones and
Summary of results for all solutions, 
a, e.s.u./cm .2 £, mv
c NaCl HC1 BaCl2 MgCla LaCl3 ThCl* NaCl HC1 BaCl2 MgCl2 LaCl3 ThCl4
2 x  10"3 5289 4434 — — 3342* — 100-0 91-3 — — 77-0* . —
1 X 10~3 4331 3493 887 — 472* 3142* 106-2 96-6 25-9 — 18-0* 90-8*
5 X 10-* 3470 2781 1034 345 0 3876* 113-7 102-5 36-2 16-2 0-0 119-1*
2 X 10"4 2528 2090 1132 745 361 2066* 121-8 112-0 49-2 39-2 19-4 118-3*
1 X 10~* 1990 1689 1082 809 496 1229* 126-5 117-9 59-5 49-4 28-4 105-0*
5 X 10-® 1581 1379 922 784 530 723* 132-2 125-3 61-3 57-2 36-5 92-3*
2 X 10-® 1201 1096 791 718 467 327* 141-6 137-0 72-0 66-6 42-5 75-8*
1 X 10-® 1040 991 674 639 441 159* 151-8 143-8 74-4 72-4 47-8 58-1*
5 X 10-® — ;— 600 596 447 47* — — 79-8 79-6 54-6 24-6*
2 X 10-® — — 553 552 477 96 ■ '— — 89-5 89-4 63-7 26-8
1 X 10-® — —  . 548 563 — 333 —  .. — 98-2 98-9 —  ' 46-4
All values are negative except those marked *.
£ a, {
• u x  103, e.s.u./ Wood,* u X 103, e.s.u./ Wood,*
c cm./sec. 
Results for BaCl2.
10®«r cm .2 i, mv interp’d c cm./sec. 10®/f cm .2 £, mv interp’d
1 X 10-3 2-886 136-0 - 8 8 7 - 2 5 - 9 -4 5 - 0 2 X 10-® 2-392 3-66 - 7 9 1 - 7 2 - 0 - 9 8 - 0
5 X 10-* 2-880 67-11 - 1 0 3 4 - 3 6 - 2 -5 8 - 0 1 X 10-® 2-30o 2-16 - 6 7 4 - 7 4 - 4 -1 0 3 -5
2 X 10-* 2-74v 27-68 - 1 1 3 2 -4 9 - 2 -7 0 - 0 5 X 10~® 2-220 1-58 - 6 0 0 - 7 9 - 8 -1 0 9 -0
1 X 10-* 2-643 14-73 - 1 0 8 2 - 5 9 -5 - 7 9 - 0 2 X 10-® 2-13x 1-05 —553 - 8 9 - 5 -1 2 0 -0
5 X 10-s 2 -532 
Results for LaCl3.
7-21 —922 -6 1 -3 -8 8 - 0 1 X 10-® 2-080 0-95 - 5 4 8 -9 8 - 2
2 X 10-3 2-882 323-60 + 3 3 4 2 +  77-0 — 5 X 10-® 2-794 8-71 - 5 3 0 - 3 6 - 5 - 2 7 - 0
1 x  10-3 2-902 162-20 + 4 7 2 +  18-0 +  12-5 2 X 10-® 2-690 3-39 - 4 6 7 - 4 2 - 5 —
5 X 10-* 2-907 75-86 0 0 - 7 - 5 1 X 10-® 2-59x 2-00 - 4 4 1 - 4 7 - 8 —
2 X 10-* 2-892 31-62 - 3 6 1 - 1 9 - 4 -1 6 - 0 5 X 10-® 2-478 1-45 r-447 - 5 4 - 6 —
1 X 10"* 2-85s 16-98 - 4 9 6 - 2 8 - 4 -2 2 -0 2 X IQ"® 2-176 0-87 - 4 7 7 - 6 3 - 7 —
Results for ThCI4.
1 X 10-3 2-746 208-90 + 3 1 4 2 +  90-8 +  141-0 2 X 10-® 2-842 5-89 + 3 2 7 +  75-8 +  126-0
5 X 10-* 2-480 109-60 + 3 8 7 6 +  119-1 +  158-0 1 X 10-® 2-878 3-16 +  159 +  58-1 + 9 6 -0
2 X 10-* 2-614 47-86 + 2 0 6 6 +  118-3 +  175-0 5 X 10-® 2-903 2-04 + 4 7 + 2 4 -6 + 5 7 -5
1 X 10-* 2-707 25-70 +  1229 +  105-0 +  177-0 2 X IQ"6 2-88a 1-38 - 9 6 - 2 6 - 8 ■ —
5 X 10-® 2-775 13-80 +  723 + 9 2 -3  + 1 6 4 -0  1 X 10“® 2-612 
* Interpolated from Wood’s data {loc. cit.).
1-23 - 3 3 3 - 4 6 - 4
Wood (J. Chem. Physics, 1945, 13, 106) and by Wood and Robinson {ibid., 1946, 14, 258; 
J . Amer. Chem. Soc., 1947, 69, 1862), using in each case the streaming-potential method. 
Most of the measurements of these workers involved the use of silver-silver chloride 
reversible electrodes, a fact which produced errors of a few millivolts in their results (see 
Part I), owing to contamination of the solution by traces of electrolyte leached from the 
electrodes.
In order to verify that the results obtained by the sedimentation method were independ­
ent of particle size and suspension concentration over the range used (already verified for 
glass particles, see Part I, loc. cit.), measurements were made on two widely different suspen­
sions in dilute hydrochloric acid, the final values of £ obtained being in agreement to within 
about one millivolt at all electrolyte concentrations studied. This confirms that in our 
experiments, using suspensions with volume fractions of solid of the order of 10~3 to 10~4, 
particle-particle interaction is negligible (see also Oseen, Ark. Mat. Astron. och. Fysik, 
1911, 7, 33 ; Faxen, ibid., 1925—1927, 19, a, 13; Smoluchowski, Bull. Acad. Sci. Cracovie, 
1911, 1, a, 28; Stimson and Jeffrey, Proc. Roy. Soc., 1926, A, 111, 110). In view of this
finding, measurements on the other chloride solutions were made on a single suspension, 
at least two runs being made at each concentration.
Discussion.-—It is seen that the results for sodium chloride solutions are closely similar 
to those obtained previously for potassium chloride, the difference in charge being small, 
and in potential negligible. The fact that the nature of the univalent cation has little 
effect on the electrokinetic properties indicates that they probably possess rather low 
specific chemical adsorption potentials at the interface, and play only a small part in the 
construction of the fixed part of the double layer.
With hydrogen chloride solutions, however, the charge is lower throughout, the differ­
ence being fairly constant and of the order 400—700 e.s.u. over a wide range. A differ­
ence is to be expected, since in the salt solutions there occurs adsorption into the fixed part 
of the double layer of hydroxyl and, more important, bicarbonate ions from the conductivity 
water, whilst in acid solutions these foreign ions will be very largely suppressed, giving a 
negative charge in the fixed part of the double layer due almost entirely to chloride ions. 
The difference between the charge in sodium or potassium chloride solutions and that in 
hydrogen chloride will probably be about equal to the charge carried by silica in the pure 
solvent, it being assumed that the charges are approximately additive. By extrapolating 
results to high dilution, a value of the charge in equilibrium water of about 530—550 e.s.u. 
has been obtained, in agreement with the observed difference between the charge in the salt 
and in acid solutions. At very low concentrations the difference becomes rather smaller 
as the degree of suppression of the bicarbonate ions decreases. The effect occurs at a 
slightly higher concentration than would be expected on this basis alone, possibly indicating 
that the assumption that the charges are additive is only valid approximately in this range.
For both magnesium and barium chloride solutions the charges and potentials are 
lower than for the chlorides of univalent cations, owing to the increased ease with which 
the bivalent cations are taken into the fixed part of the double layer. The charges and 
potentials for the magnesium chloride solutions are somewhat lower than for barium 
chloride, especially at the higher concentrations. The accuracy of the measurements is 
lower for these concentrations, owing to electroviscosity being rather small, and the 
sedimentation meniscus less sharp, but the differences are considerably greater than the 
experimental error. This presumably indicates that the specific chemical adsorption 
potential of the magnesium ion is significantly greater than that of the barium ion, so that 
magnesium ions are more easily adsorbed into the fixed part of the double layer, with a 
consequent lowering of charge and potential. The values of Z, obtained by us for barium 
chloride are lower by about 20% than those of Wood and Robinson {loc. cit.). This dis­
crepancy is considerably greater than that found for potassium chloride, where the differ­
ence between the results from the two methods was never greater than 5%, after allowance 
for the effect of contamination of the solutions by leaching fron the electrodes in the stream­
ing-potential measurements. Some possible reasons for the observed difference are 
discussed below.
Preferential adsorption of a high-valent cation into the fixed layer is shown to a greater 
extent by lanthanum chloride, for which the charge reaches zero at a concentration of 
5  x 10_4n , becoming positive at higher concentrations. The values of Z are small through­
out the range studied and differ by only a few mv from those of Wood and Robinson 
{loc. cit.). Corrections for the change in concentration brought about by hydrolysis were 
made in calculating Z, from equation (3).
Thorium chloride shows a negative charge and potential at very high dilutions, reaching 
zero at a concentration of about 3—4 x 1 CT6 n , and becoming positive at higher concen­
trations. The positive charge rises to a maximum value at a concentration of about 
4 x 10 -4n , then falls , away towards zero. The velocity-concentration curve is of rather 
complicated shape for thorium chloride. As the concentration is lowered from high values, 
the velocity falls from its limiting value, reaching a minimum at the concentration of 
maximum charge. The velocity then rises to the limiting value again, passing through a 
maximum at the concentration of zero charge, then decreasing again fairly sharply. Once 
again, allowance had to be made for the effect of hydrolysis in calculating £ from equation 
(3). The results obtained show the same trends with concentration as those of Wood and
Robinson, but the quantitative agreement is not good, differences in £ of up to 35% being 
found-
Various possible causes - of the observed differences in solutions of chlorides of the 
multivalent metals may be considered. First, contamination of the solutions by silver 
chloride from the electrodes in the streaming-potential experiments can produce errors of 
20 mv or even more in very dilute solutions (see Part I, loc. cit.), but the dissociation of the 
silver chloride should be largely suppressed at concentrations much above 10_5n , and, 
furthermore, this contamination would probably bring about a lowering of £, while in 
practice the streaming-potential results are generally found to be rather higher than those 
for sedimentation velocity.
In calculating £ from experimental results, the dielectric constant in the diffuse part of 
the double layer is involved (see Part I). It is known that the value of s in this layer may 
differ considerably from that of the bulk solution (see Conway, Bockris, and Ammar, 
Trans. Faraday Soc., 1951, 47, 756). In the streaming potential equation
£ =  — 4:tttiE kIzP  ~ . ...................................................(4)
where y\ is the viscosity of the solution, P  the applied pressure, and E  the streaming potential, 
the value of £ obtained from a given set of experimental data depends linearly on s, while 
in calculations of £ from equation (3) for sedimentation experiments e is involved logarith­
mically. If the bulk value of the dielectric constant is used in each case, therefore, the 
two sets of results for £ will differ if this value is the incorrect one for use in the double 
layer. The fact that the two sets agree quite well for a uni-univalent electrolyte therefore 
appears to indicate that the appropriate mean value for s in the diffuse layer in this case 
is not far different from the bulk value for potentials of this magnitude. Bigger deviations 
from the bulk value, are, however to be expected in solutions containing multivalent cations 
(Conway, Bockris, and Ammar, loc. cit.), but a simple calculation shows that this should 
produce lower values of Z, by the streaming-potential method, while in fact the reverse is 
the case.
I t appears most probable that the difference arises from the difficulty in assessing 
accurately the concentration of each ionic species in a solution of a multivalent metal 
chloride. In addition to hydrolysis direct to undissociated base with consequent liberation 
of hydrogen ions, which can be allowed for in terms of the known dissociation constant 
of the base, other products of partial and complete hydrolysis will be formed. For example, 
in the case of thorium chloride various partially hydrolysed ions will exist, e.g., Th(OH)+++ 
etc., and in addition thorium hydroxide occurs as positively charged colloidal micelles, 
the adsorption properties of which are not known. These facts serve to emphasise our 
previous remarks (Parts I and II) that it is preferable to leave the data in the form of the 
charge, which can be calculated directly from experimentally measured quantities. Con­
version of the charge figures into potentials gives reliable results for uni-univalent electro­
lytes, but for the higher valencies, the potentials, although of the right order and showing 
the correct trends with concentration, are probably of rather low accuracy.
E xperim ental
M aterials.— Fused silica pow der was cleaned and particle-sized as described in  P art I. The 
w ater used throughout w as equilibrium  con d u ctiv ity  w ater of specific con d u ctiv ity  about 0 -8  
gem m ho. Sodium , barium, and m agnesium  chlorides were obtained b y  appropriate recrystal­
lisations of the " A nalaR  ” salts. H ydrochloric acid was obtained b y  redistillation o f the  
“ A nalaR  ” acid. L anthanum  chloride w as a spectroscopically pure sam ple supplied in  so lu tion  
b y  Messrs. Johnson, M atthey and Co., L td .; a pure sam ple of thorium  chloride w as prepared  
b y  Krem er’s m ethod (J. Amer. Chem. Soc., 1942, 64, 1009). A ll vessels used were treated  w ith  
alcohol-n itric acid and thoroughly steam ed before use.
Sedimentation Experiments.— These were carried out as described previously (Elton, 1949, 
loc. cit.), in a therm ostat a t 25-00° ±  0-01°. Solutions were prepared b y  successive dilution, 
after the suspension had been allowed to  settle  out. The suspension used throughout, excep t for 
th e  duplicate run w ith  hydrogen chloride solutions, had a surface area per g. (A 0) of l-403 X 104 
cm .2, m ass per un it volum e (M) o f l-202 x  10-3 g ./m l., and lim iting rate o f  sedim entation , in
concentrated electrolyte solutions (u0), of 2-907 x 10-3 cm ./sec. The suspension used for the  
duplicate run w ith  hydrogen chloride solutions had A 0 — 2-656 x 104 cm .2, M  — 3-14^ x 10-4 
g ./m l., and u0 — 3-247 x 10-3 cm ./sec. (Surface areas were determ ined b y  the m ethod of 
cata lytic  decom position of hydrogen peroxide, as described in  P art I.)
In  solutions where th e  electrokinetic potentia l was low, the sedim entation m eniscus was less 
sharp than usual, ow ing to  a sm aller electroviscous sharpening effect (see E lton , 1951, loc. cit.). 
Also, in such solutions, especially where £ w as less than  about 30 m v there was a marked tendency  
for the particles to  undergo som e coagulation after the suspension had settled  out and stood  
for a while. W hen th is occurred, the suspension could be returned to  its  normal sta te  by  
vigorous m echanical shaking for an hour or more.
B a t t e r s e a  P o l y t e c h n i c ,  L o n d o n ,  S .W .ll. [Received, October nth, 1952.]
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428. D eterminations of Electrokinetic Charge and Potential by the 
Sedimentation Method. P art IV.*- S ilica  in  Conductivity Water.
By D. P. B e n to n  and G. A. H. E lto n .
The sed im entation-velocity  m ethod for the determ ination of electro­
kinetic charge and potentia l is applied to  th e  stu d y  of fused silica surfaces in  
con d u ctiv ity  w ater of various qualities. Contrary to  reports b y  som e previous 
workers, a system atic  trend is found in  th e  value of these quantities w ith  the  
con d u ctiv ity  of th e  w ater.
D e te r m in a t io n s  of the electrokinetic charge and potential at the silica-potassium chloride 
solution, silica-sodium chloride solution, and silica-hydrochloric acid solution interfaces 
(Parts I and III *) have shown that, at corresponding concentrations in the range 5 X 10-5n  
— 2 X 10 _5n , although the charges and potentials in potassium chloride and sodium 
chloride solutions are closely similar, yet those in the acid are considerably lower. This 
difference in the charge is about 250 e.s.u. at 5 X 10  5n and increases to about 750 e.s.u. 
at 2 x 10_3n . At concentrations below 2 x  10~5n , the charge and potential become very 
similar at all three interfaces.
The solutions used in these experiments were made up in “ equilibrium water," i.e., 
conductivity water which had been allowed to come into equilibrium with the atmosphere. 
The conductivity of. this water was of the order 1 gemmho, depending on atmospheric 
conditions, and may be attributed (see, e.g., Davies, “ Conductivity of Solutions," Chapman 
and Hall, London, 1933) to hydrogen and bicarbonate ions provided by dissociation of 
carbonic acid formed from dissolved carbon dioxide.
The concentration (2—5 X 10_5n ) at which the difference (Aa) between the charge in 
the salt solutions from that in the acid solution becomes appreciable is approximately 
the concentration at which ionisation of dissolved carbonic acid becomes negligible in acid 
solutions. It might, therefore, be suggested that a charge exists at the silica-water inter­
face due to adsorption of bicarbonate ions (and/or OH', C03"), this charge persisting when 
a neutral salt is added to the system but being stripped off by a sufficient concentration of 
acid. In a salt solution the charge due to bicarbonate ion (and/or OH', C03") will depend 
on the magnitude of the affinity of these ions for the surface (adsorption potential) and the 
repulsion owing to the negative electrical potential at the surface. As this electrical potential 
is made less negative by increased salt concentration, the repulsion will be reduced, and it 
is to be expected that the contribution to the charge of the bicarbonate ion (and/or OH', 
C03") will be larger. This may account in part for the increased value of Act as the con­
centration is increased. Furthermore, although a solution, 2 X 10_5n  with respect to 
acid, may contain a sufficiently small number of bicarbonate, hydroxyl, and carbonate 
ions to render their contribution to the conductivity negligible, these ions may still make an 
appreciable contribution to the charge if they possess large adsorption potentials. Hence, 
from the point of view of the surface, a concentration of acid greater than 2 X 10_5n  may 
be needed to render the effect of bicarbonate, hydroxyl, and carbonate ions completely 
negligible.
The experimental work described here was carried out in order to investigate the charge 
and potential at the silica-water interface and any systematic variation of these quantities 
with the carbonic acid content of the water. The sedimentation velocities of a particle­
sized specimen of fused silica powder were measured in water of various qualities, i.e., 
carbon dioxide content. The electrokinetic charges, ct, at the interface were calculated by 
the expression
ff2 - 9 K ( U 0 —  U ) ( P 2  — P i )
M A  0zuu0p2
where g  =  gravitational constant, k  — specific conductivity (e.s.u.) of the suspension, 
* Parts I, II, and III, / . ,  1952, 286, 2953; 1953, 1168.
uQ and' u — rate of settling, of the suspension in concentrated electrolyte solutions, 
i.e., in absence of electroviscosity and.in  a given solution respectively; p2, =
densities of silica and solution respectively; M  =  mass of particles per ml. of sus­
pension ; A 0 — area per g. of particles.
The results given in the Tables and the Figures show that the velocity of sedimentation 
is close to the limiting velocity in water of high purity and decreases markedly as the 
water becomes equilibrated with the atmosphere. The charge is seen to rise from 125 
e.s.u. in the purest water obtained to somewhat over 500 e.s.u. in water of conductivity 1 
gemmlio.
F ig . 1. F ig . 2.
-750A R u n  A
500
. x  V a l u e s  o b t a i n e d  i n  
c o u r s e  o f  o t h e r  w o r k
a 300
-110
700 0-8 100-2 0-6 
7C, g e m m h o
100-2 0-6 
K ,  g e m m h o
0-8
k , u, cm./ Charge k , u, cm./ Charge k , u, cm./ Charge
gemmho sec. X 103 a, e.s.u. gemmho sec. X 103 a, e.s.u. gemmho sec. X 103 a, e.s.u.
Runs A and B : Mass of silica per ml. of suspension =  8-096 X 10~4 g., area per g. of silica =  1-20 X 104 
sq. cm., limiting velocity =  3-497 X 10~3 cm./sec.
0-3843 3-337 157-6 0-5616 3-245 241-2 0-8345 3-000 409-0
0-4173 3-317 165-5 0-6497 3-187 284-6 0-9358 2-924 471-1
0-4709 3-333 167-4 0-7240 3-100 339-0 1-056 2-863 532-0
Run C : Mass of silica per ml. of suspension =  5-740 X 10~4 g., area per g. of silica =  1-40 X 104 sq. cm., 
limiting velocity =  3-033 X 10-3 cm./sec.
0-2495 2-905 126-0 0-4836 2-896 181-8 0-9240 2-604 469-0
0-3696 2-916 146-4 0-6376 2-795 280-1
x , o', «H =  WHCO3 +  O^H, i, x , o , ?2H =  WHCOa + ?*OH, L
gemmho e.s.u. ions/ml. x  10-14 mv gemmho e.s.u. ions/ml. X 10-14 mv
0-2 115 3-011 — 115-2 0-6 255 9-111 -1 2 7 -5
0-25 125 3-778 -1 1 3 -7 0-7 317 10-64 -1 3 4 -7
0-3 130 4-544 - 111-0 0-8 380 12-16 -1 4 0 -5
0-4 156 6-072 -1 1 2 -9 0-9 444 13-69 -1 4 5 -4
0-5 197 7-598 -1 1 9 -0 1-0 510 15-21 -1 5 0 -0
The charge-determining ion at the silica-water interface is probably the bicarbonate 
ion, although in any calculation of the electrokinetic potential we must consider the possible 
contribution due to hydroxyl and carbonate ions. The calculation using Verwey and 
Overbeek’s expression (“ Theory of the Stability of Lyophobic Colloids,” 1948, Elsevier 
Publ. Co. Inc., London), viz.,
V2nEkT~\i . , zet
<’ =  L ^ _ J Smha T
(where n — number of charge-determining ions of valency z per ml., s =  dielectric constant 
in the electrical double layer, k  — Boltzmann’s constant, e =  electronic charge, T — 
absolute temperature, £ =  electrokinetic potential) may not be strictly correct, since it 
was derived for a single electrolyte species. For a system containing a number of ions of 
mixed valencies the appropriate corresponding expression is
c = [ ^ r ] W e - « n B 2 -  _  !)■,»
where is the number of ions, species i, of valency Zi, per ml.
The numbers of ions, nH, oo3, ^oh, ^oo3 in conductivity water may be calculated from 
the measured conductivity, the dissociation constants of carbonic acid, and the ionic
product of water, if the conductivity is assumed to be due to these ions (Davies, op. cit.). 
Calculation on these lines shows that the contribution of the carbonate ion to the summa­
tion term in the above expression is negligible. The expression then reduces to Verwey and 
Overbeek’s expression with n =  »h =  woh +  ^hco3-
The electrokinetic potentials at the silica-water interface have therefore been calculated 
by using Verwey and Overbeek’s expression and are shown plotted against the conductivity 
of the water in Fig. 2 . The values of the charge, a, used in these calculations were taken 
from the smoothed a-tc graph shown in Fig. 1.
It is noteworthy that these results indicate that the electrokinetic potential increases 
with increasing concentration of bicarbonate ion. This is contrary to the usual behaviour 
observed in aqueous electrolyte solutions, where the electrokinetic potential decreases with 
increasing concentration of the charge-determining ion. The usual tendency towards 
lower values of the potential at higher concentrations owing to the decrease in the thickness 
of the electrical double layer is outweighed in this case by the unusually rapid rate of 
increase of charge, due presumably to the operation of a high adsorption potential.
Wood (J. Amer. Chem. Soc., 1946, 68 , 437) carried out many streaming-potential 
measurements at the silica-water interface. He found no systematic trend in the electro­
kinetic potentials with conductivity of the water and gave a value of —177 mv as the mean 
over the whole range of conductivity in which he worked. However, the variation of his 
results at ony one conductivity was often greater than the total variation in our figures 
over the whole range 0 -2— 1 gemmho.
Lachs and Biczyk (Z. physikal. Chem., 1930, A, 148, 441), using the streaming-potential 
method, report electrokinetic potentials at the silica-water interface as a function of the 
specific conductivity of the water ranging from —146 mv for water of conductivity 0-72 
gemmho to —55 mv for water of conductivity 3 gemmho. The trend in the electrokinetic 
potential is in the reverse direction to that shown in our results, but it is doubtful if the 
impurities in the water used by Lachs and Biczyk were entirely carbonic acid, since con­
ductivity water in equilibrium with a normal atmosphere rarely possesses a conductivity 
far in excess of 1 gemmho. Their results are, therefore, not comparable with the. present 
measurements except perhaps in the case of their purest water (0-72 gemmho), where the 
difference is only a few mv.
Finally, we may conclude, from the agreement obtained between runs A and B  (with 
water from a conventional still) on the one hand, and run C on the other, that water purified 
by the ion-exchange method is apparently free from undesirable surface-active impurities.
E xperim ental
Materials.— Particle-sized specim ens of fused silica powder were k indly  provided b y  Mr. 
C. I. D ulin . Specim ens were cleaned b y  boiling aqua regia and w ashed m any tim es w ith  
con du ctiv ity  w ater, the w ashings being rem oved after centrifugation. Later stages of washings 
were carried out w ith  w ater of con d u ctiv ity  0-25— 0-4 gem m ho.
C onductivity w ater was obtained for runs A and B  from  a still of the typ e  described by  
Bourdillon ( / . ,  1913, 103, 791) and modified b y  Bengough, Stuart, and Lee ( / . ,  1927, 2156). 
For run C th e  w ater was obtained b y  passing good d istilled w ater through a colum n packed w ith  
resin, Biodem ineralite, supplied b y  the P erm utit Co.
Sedimentation Experiments.— These were carried out in a cylindrical cell, of 4-cm. diam eter, 
graduated w ith  a vertical scale in mm . E lectrodes sealed into the bottom  of th e cell enabled  
th e  con ductiv ity  of th e  suspension to  be determ ined b y  using an A C . bridge. The cell was 
fitted  w ith  a ground-glass stopper at the top, w hich had, in turn, tw o subsidiary ground-glass 
stoppered inlets. .
T he silica specim en was w ashed in to  the cell, then  allowed to  settle, and the supernatant 
w ater poured off. A  stream  of nitrogen w as then  blow n through the cell via  a tube passing  
through one of the subsidiary in lets and reaching to  the bottom  of the cell. T he tube w as then  
rem oved, and th e  cell fitted  directly  to  the tin  receiver of the still (runs A  and B) or to  th e delivery  
tube of the ion-exchange colum n (run C). The cell, thus filled w ith  the purest condu ctiv ity  
w ater available, was clam ped vertically  in  a therm ostat at 25° i  0*01°. T he sedim entation  
velocity  and the con du ctiv ity  of the suspension were measured. A  subsidiary stopper a t the  
top of the cell was then  rem oved for a short tim e, and th e cell gen tly  shaken. This con tact of
the w ater in  the cell w ith  the atm osphere caused the condu ctiv ity  to  increase. The sedim ent­
ation velocity  and the conductiv ity  were again measured. The procedure was repeated several 
tim es; each tim e the sedim entation  velocity  and the con d uctiv ity  were measured.
The lim iting velocity , u0 w as determ ined after adding concentrated hydrochloric acid to  
m ake an approxim ately N-solution. The m ass o f  particles per m l. w as determ ined b y  w eighing  
th e  particles separated from 'a  know n volum e of suspension. The density  of th e  silica was 
determ ined in  a density  bottle, and th e  area per g. of the particles determ ined b y  the m ethod of 
cata lytic  decom position of hydrogen peroxide (Part I, loc. cit.).
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429. Determination of Electrokinetic Charge and Potential by the 
Sedimentation Method. P art F.* Silica  in  Some Aqueous N itrate  
Solutions.
By C. I. D u l in  and G. A. H. E l t o n .
E lectrokinetic ^charges and potentials of fused silica surfaces in  dilute  
aqueous solutions of various n itrates are determ ined b y  the sedim entation  
m ethod. For univalent cations, the results for nitrates are close to those for 
the corresponding chlorides, confirming th at the adsorption energies of the  
nitrate and chloride ions are similar, b ut for higher-valency cations there is an 
increasing tendency towards higher charges in the nitrate solutions. Possible 
causes of th is effect are discussed.
T h is  paper gives the results of measurements by the sedimentation method of the electro­
kinetic charges and potentials of fused silica surfaces in dilute aqueous solutions of 
potassium, barium, lanthanum, and thorium nitrates, and of nitric acid. Results for the 
corresponding chloride solutions were reported in Parts I and III (Dulin and Elton, 
J., 1 9 5 2 ,  2 8 6 ;  1 9 5 3 ,  1 1 6 8 ) .  The Table gives the values of the charge, a, calculated 
as described previously from the measured sedimentation velocities of homodisperse 
suspensions of fused silica powder in the nitrate solutions. In the case of lanthanum and 
thorium nitrates, increase of concentration from zero brings about reversal of the initial 
negative charge, owing to ready adsorption of the high-valency cation (and hydrolysis 
products) into the fixed part of the double layer. In the region of the isoelectric point, 
the values given in the Table are of lower accuracy than usual, since the measured 
sedimentation velocity, u, is very near to the limiting velocity, u0, and fairly small errors in 
the determination of either of these velocities result in relatively large errors in the values 
of (uQ — u), required in the calculation of a. Calculation of t, the potential across the 
diffuse part of the double layer, from a is straightforward for uni-univalent electrolytes, 
but is more complicated for solutions containing high-valency ions, especially when 
hydrolysis is considerable, as, e.g., with thorium nitrate solutions. The hydrolysis 
correction in the calculation of £, for the case of cation hydrolysis, is more important 
when the charge is negative, i.e., when the hydrolysed ion is acting as a counter-ion (see 
Dulin and Elton, 1 9 5 3 ,  loc. cit.)'. For thorium nitrate, this occurs only below 2  x 1 0 _5n , 
but for lanthanum nitrate the charge is negative at all concentrations below 5  X 1 0 “% ,  
and hydrolysis corrections have to be applied as described previously. Although, for
a, e.s.u./cm .2 £, mv
c, N HNOg k n o 3 B a(N 03;l2 L a(N 03)3 T h(N 03)4 h n o 3 k n o 3 B a(N 03)a L a(N 03)3 T h(N 03)4
1 X 1 0 -3 3770 4207 1369 1718* 4928 * 99-5 105-0 34-5 66-1  * 114-0 *
5 X HP4 3107 3391 1413 0 2883 * 107-2 112-4 43-1 0 104-9 *
2 X 10-4 2228 2491 1355 496 1368 * 113-5 118-4 53-2 23-6 91-4*
1 X 10~4 1772 1991 1201 643 744* 119-4 125-3 58-8 32-4 80-3 *
5 X 1 0 -5 1418 1570 1001 633 368 * 125-7 130-9 63-0 36-0 60-4*
2 X 10-3 1013 1187 856 532 0 132-0 140-0 70-7 44-4 0
1 X 10-3 822 1017 750 487 160 138-5 149-8 76-1 49-3 23-3
5 X 10~6 — - — 713 484 20 2 — — 83-7 55-2 30-8
2 X 10~6 — — 678 452 370 ---- — 94-2 59-0 . 43-8
1 X IQ- 6 — ' — 691 — 527 — — 103-8 — 53-0
All values are negative except those marked *.
convenient reference, both charges and potentials are given in the Table, the results are 
discussed below solely in terms of the charges, in view of the uncertainties inherent in the 
calculation of the potentials.
* Part IV, preceding paper.
Discussion.—The charge in nitric acid solutions is always lower than in potassium 
nitrate solutions of the same concentration, the difference being about 200 e.s.u. at 
1 X '1 0 _5n , rising steadily to about 700 e.s.u. at 2 x 10_3n . Similar differences were 
found between the results for hydrochloric acid and potassium chloride, and were ascribed 
to the stripping off in acid solutions of the charge due to ions from the solvent. The 
charges in nitric acid are close to those in hydrochloric acid, the differences over most of 
the range being less than 5%. There is a slight trend in the differences, the charge for 
nitric acid being rather lower in the most dilute solutions, and higher in the more 
concentrated solutions. The similarity between the two sets of results indicates that the 
energy of adsorption of the nitrate ion on to a fused silica surface cannot differ greatly 
from that of the chloride ion. This deduction has been confirmed by Benton and Elton 
(Trans. Faraday Soc., 1953, in the press), quantitative experiments giving values of 
—2-48 kcal. for the nitrate ion, and —2-44 kcal. for the chloride ion, for adsorption from 
10_4N-solutions. The results for potassium nitrate are almost, identical with those for 
potassium chloride at 10-3n , but show a slight but definite trend towards lower relative 
values as the concentration decreases, a parallel trend to that mentioned above for nitric 
acid.
Barium nitrate differs appreciably from barium chloride, the charges over the range 
10~6—10~4n  being about 100 e.s.u. higher. Over the range 10-4—10~3n  the difference rises 
to almost 500 e.s.u. The accuracy in the latter range is rather low, errors of the order of 
100 e.s.u. being possible owing to low values of (u0 — u). Although the adsorption 
energies of the nitrate and chloride ions have been shown to be nearly the same, a higher 
negative charge may be obtained for the nitrate solutions for the following reason. It is 
known that in solutions of nitrates of bivalent cations, the tendency to form ion-pairs is 
much greater than in solutions of the corresponding chlorides (see, e.g., Robinson, ibid., 
1940, 36, 735, 1135; Robinson and Stokes, ibid., p. 1137). Since a singly charged ion- 
pair will be less strongly attracted to the negatively charged surface than a doubly charged 
cation, a larger negative charge will be obtained, provided that the ion-pair does not possess 
an abnormally high adsorption energy.
A rather similar effect may occur in lanthanum nitrate solutions. In the most dilute 
solutions, a negative charge almost equal to that in lanthanum chloride solutions is 
obtained, but at concentrations just below the isoelectric point, .5 X 10-4n, the nitrate 
charge is rather more negative than the chloride charge. On the positive side of the iso­
electric point the nitrate charge is more positive than the chloride charge, possibly owing 
to the low electrostatic repulsion by the surface of ion-pairs from the nitrate solution. In 
this case, however, hydrolysis is a complicating factor.
Thorium nitrate is strongly hydrolysed, and the large number of ionic species in the 
solutions renders analysis of the results difficult, since each species possesses its own 
characteristic adsorption energy. The charge in the most dilute nitrate solutions is 
considerably more negative than in the corresponding chloride solutions, the isoelectric 
point being 2 X 10~5n , compared with 4 X 10_6n . On the positive side of the isoelectric 
point, the nitrate charge increases rapidly, and has become more positive than the chloride 
charge by 10_3n , indicating strong adsorption of a positively charged species from the 
nitrate solutions.
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Determination of Electrokinetic Charge and Potential by the Sedim entation  
Method. P art V II.*  S ilica in  Some Solutions containing M u lti­
valent Anions.
By C. I. D ulin  and G. A. H. E lton .
[R eprint O rd e r No. 4712.]
E lectrokinetic charges and potentials have been determined by the sedimentation 
method for fused silica powder in dilute aqueous solutions of sulphuric acid, potassium 
sulphate, potassium ferricyanide, and potassium ferrocyanide. The procedure was 
similar to that previously described, but an improved method of smoothing the sediment­
ation results was used. Various workers (see, e.g., Rutgers and de Smet, Trans. Faraday 
Soc., 1945, 41, 758; 1947, 43, 102; Buchanan and Heymann, J. Colloid Sci., 1949, 4 , 151) 
have found experimentally that the electrokinetic potential of many systems varies linearly 
with the logarithm of the electrolyte concentration, and Robinson (J. Chem. Physics, 1946, 
14, 721) has given a tentative theoretical explanation of this effect. A study of our previous 
results for silica (Parts I, III, and V, J., 1952, 286; 1953, 1168, 2099) shows that this rule 
is obeyed by silica in solutions containing univalent cations, but not in those containing 
multivalent cations, where cation hydrolysis is possible. The expression relating the 
electrokinetic potential, £, with the charge, a, is that given by Benton and Elton (/., 1953, 
2096), viz.,
■° =  ■ ' ............................a )
where is the number of ions of type i per unit volume of the bulk solution, zt is the 
valency, e is the dielectric constant in the diffuse layer, k  is Boltzmann’s contsant, e is the 
electronic charge, and T  is the absolute temperature. For fairly large values of £ (of the 
order of 100 mv, as obtained with univalent cations), the contribution of terms due to 
anions (from solvent, solute, or- hydrolysis products) is negligible (see Part III, loc. cit.), and 
eeykT ^  so .j-hgj- equation (1) reduces to
a* =  Ace°UkT . . . .  . . . . . (2)
where A is a constant, and c is the normality. Also
l, — M  log c +  N  ' . .  ............................... (3)
where M  and N  are constants. The charge is related to the sedimentation velocity, u, by 
the expression
a2 =  Bk(1/u -  l /u 0) .....................................(4)
where B  is a constant, k is the specific conductivity of the suspension used, and uQ is the 
limiting velocity. In solutions of sufficient concentration to render negligible the contrib­
ution of the solvent to the conductivity of the suspension, we may assume that k is propor­
tional to c over moderate ranges of concentration, i.e., that the equivalent conductivity does 
not vary greatly over the range. With this assumption, we obtain from (2), (3), and (4)
log (1/w — lJuQ) =  P  log c +  Q . . . . . (5)
where P  and Q are constants. The data for all solutions with univalent cations fit this 
equation well, and good straight lines are obtained when log (1 ju — 1 /u0) is plotted against 
log c, slight deviations occurring at the lowest concentrations, owing to the increasing
* Part VI, 1953, 3690-
relative contribution of the solvent to the conductivity of the suspension. The best straight 
line may be determined by the method of least squares, and this method is particularly use­
ful for smoothing results obtained in the higher concentration ranges, where u is not very 
different from u0. The results given in the Table for the electrolytes with multivalent 
anions were calculated from data smoothed in this way.
It is seen that the charge in sulphuric acid is 200—600 e.s.u. less than that in potassium 
sulphate solution, owing to the fact that in acid solution the contribution of ions from the 
solvent to the electrokinetic charge is largely suppressed (see Parts III and V, locc. cit.). 
The charges and potentials for sulphuric acid are similar to those previously reported for 
hydrochloric and nitric acids, while those for potassium sulphate, ferricyanide, and ferro- 
cyanide are similar to those for potassium chloride and nitrate. These results indicate 
that, as is usually found, the valency of the anion has little effect on the magnitude of the 
charge and potential for a negatively charged surface, the important factor being the 
valency of the cation.
a, e.s.u. /cm .2 £, m v
A
C , N h 2s o 4 k 2s o 4 K3Fe(CN) 8 K4Fe(CN) 6 h 2s o 4 k 2s o 4 K3Fe(CN) 6 K4Fe(CN),
X 10-® '3488 3792 3706 3489 95-4 98-8 98*6 95-7
X K P 1 2916 3498 3218 3150 103-8 112-7 109-2 108-2
X 10' 4 2226 2721 2731 2578 113-3 123-4 122-6 120-9
x 10 -4 1805 2148 2223 21-40 120-2 129-1 129-2 128-1
X TO-5 1453 1765 1752 1750 126-9 136*8 135-4 135-4
X HP5 1093 1299 1328 1364 135-8 144-2 145-1 145-9
X KB5 878 1080 1190 1130 142-3 153-0 155-3 154-0
All values of charge and potential are negative.
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741. Determination of Electrokinetic Charge and Potential by the S ed i­
mentation Method. P art 'VI.* . Carborundum in  Aqueous Solutions
of Some Uni-univalent Electrolytes.
By G. A. H. E lton  and  J. W. M it c h e l l .
E lectrokinetic charges and potentia ls of carborundum surfaces in dilute  
aqueous solutions of various uni-univalent electrolytes are determ ined b y  the  
sedim entation m ethod. The results are rather higher than  those obtained b y
other workers, using the m ethod of electro-osm osis. This is taken as
confirm ation of th e  theoretical prediction th a t th e  neglect of surface 
condu ctiv ity  in  the derivation of the H elm holtz-Sm oluchow ski equation for 
electro-osm osis m ay lead to  considerable errors. The present results are used  
to  obtain  inform ation concerning the relative m agnitudes of th e  adsorption  
energies of som e of the ions involved.
T h is  paper gives the results of measurements by the sedimentation method (Elton, Proc. 
Roy. Soc., 1949, A, 197, 6 6 8 ; J. Chem. Phys., 1951, 31, 1317) of the electrokinetic charges 
and potentials of carborundum surfaces in dilute aqueous solutions of hydrochloric acid, 
nitric acid, potassium chloride, potassium nitrate, potassium hydroxide, and sodium 
chloride. Table 1 gives the values of the charge a calculated as described previously 
(Dulin and Elton, Part I, J., 1952, 286) from the measured velocities of sedimentation of 
homodisperse suspensions of carborundum powder in the solutions, and of £, the potential 
across the diffuse part of the double layer, obtained from a in the usual manner (Dulin and 
Elton, loc. cit. ; Part V, loc. cit.).
T a b l e  1.*
t---------v  :---:--- :---------- *-
C oncn.n HC1 h n o 3: KC1 k n o 3 NaCl KOH HC1 h n o 3 KC1 k n o 3 NaCl KOH
1 X 1 0 -5 505 420 590 450 565 435 113-7 104-9 1 2 2 -0 104-8 119-9 106-7
2 X 1 0 -5 635 555 745 585 700 585 108-3 101-6 116-3 104-2 113-1 104-1
5 X lO"5 900 775 1 020 805 965 820 102-8 95-5 109-0 97-3 106-3 97-0
1 X io - 1 11 0 0 1000 1250 1040 1170 1065 95-5 90-9 101-9 92-8 98-6 89-7
2 X 10"4 1365 1250 1505 1305 1440 1380 89-2 84-9 94-0 88-6 91-8 89-7
5 X 1 0 -4 1800 1730 1960 1880 1900 1820 80-5 77-7 84-5 82-5 83-0 80-5
1 X 10~3 2260 2190 2420 2350 2360 2 2 1 0 74-9 73-5 78-0 76-7 76-9 73-9
2 X 1 0 3 2830 2750 3000 2940 2976 2620 69-3 68-0 72-0 71-1 71-5 65-9
* All the values of a and £ are negative.
Measurements of sedimentation velocity and conductivity were made in a cell of the 
type described by Benton and Elton (Part IV, J., 1953, 2096). The results for potassium 
chloride were obtained by using two different homodisperse specimens of carborundum, in 
suspensions of widely differing particle concentration. The values of a obtained from the 
two suspensions agreed to within 2 % over the whole range of concentration, giving further 
confirmation of the soundness of the method, and indicating that in such suspensions 
(containing 6-0 X 10“5 g./ml. and 1-2 x  10“4 g./ml.) negligible particle-particle interaction 
occurs (see also Elton and Hirschler, Part II, J., 1952, 2953; Dulin and Elton, 1953, 
loc. cit.). Results for the other electrolytes were obtained by using a single homodisperse 
specimen in each case.
* Part V, Dulin and Elton, J. ,  1953, 2099.
In order to be able to assess the likely effect of variation in the quality (conductivity) 
of the water used in these experiments on the results obtained, a was determined in water 
containing various amounts of carbonic acid. (The only' significant impurity in good- 
quality conductivity water is dissolved carbon dioxide—see, e.g., Davies, “ Conductivity 
of Solutions,” Chapman and Hall, London, 1933.) The potential was calculated from a 
in the same manner as for uni-univalent electrolytes, the small number of carbonate ions 
present having no significant effect on the potential (Benton and Elton, loc. cit.). The 
results obtained are shown in Table 2 , the charge and potential being recorded as functions 
of k ,  the conductivity of the water. It is seen that a  increases with k , while X, 
is approximately constant over a considerable range. The water used as solvent in the 
experiments on the various electrolytes (except potassium'hydroxide, see below) was
T a b l e  2.
k ,  gemmho ................  0-2 0-4 0-6 0-8 1-0 1-5 2-0
a, e.s.u.......................... 169 243 360 421 473 553 570
£, mv ........................  129-5 143-0 146-5 147-6 148-7 143-9 137-7
All the above values are negative.
“ equilibrium ” water of conductivity around 1 gemmho, depending on atmospheric 
conditions. Variation of ±0-2 gemmho in the conductivity of the solvent will cause a 
variation of approximately ±50 e.s.u. in the charge carried by carborundum in the solvent, 
but the error introduced into the results for a  for the electrolyte solutions will probably be 
considerably less than this as the “ solvent charge ” is not additive to the “ solute charge ” 
(see p. ). In fact, experiments carried out on different days, using a given electrolyte 
dissolved in two specimens of water differing in conductivity by up to 0-2 gemmho, gave 
results for a  in agreement to within 20 e.s.u. over the whole concentration range.
Discussion.—Few electrokinetic data for carborundum are available for comparison 
with this work. Fairbrother and Mastin (J., 1924, 125, 2319; 1925, 127, 332) studied, 
inter, alia, the electrokinetic potential of carborundum in hydrochloric acid and potassium 
chloride solutions, using the method of electro-osmosis through a plug of carborundum. 
In calculating Z from their measurements, they used the simple Helmholtz-Smoluchowski 
electro-osmosis equation V = Z^E / (4nri), where V  is the velocity of electro-osmosis under a 
potential gradient E, and e and rj are respectively the dielectric constant and the viscosity 
in the double layer, taken as equal to the bulk values. However, as pointed out by 
Overbeek and Wijga (Rec. Trav. chim., 1946, 65, 556), application of this equation to results 
obtained from measurements of electro-osmosis through plugs is likely to lead to erroneous 
values of Z, since it makes no allowance for the effect of surface conductance. Table 3 
gives a comparison of our results for Z in hydrochloric acid and potassium chloride solutions
T a b l e  3.
Concentration, n  ... 2 X 10-5 5 X 10-5 1 X 10-4 2 X  10~4 5 X 10-4 1 X  10-3 2 X 10“3
kiectro-osmoBiB] HC1 .......  0*554 0-496 0-461 0-421 0-385 0-334 0-289
s^edimentationJ KC1 .......  0-628 0-624 0*648 0-670 0-710 0-718 0-694
with Fairbrother and Mastin’s at suitably interpolated concentrations. It is seen that . 
the values of Z in potassium chloride solution from electro-osmosis are about 30% lower 
than from sedimentation velocity over the entire concentration range, while for hydro­
chloric acid the values from electro-osmosis are about 40% lower in the most dilute 
solutions, and the difference increases steadily to 70% in the most concentrated solutions. 
It would appear likely from this that the effect of surface conductance on the electro­
osmosis is considerable, and is relatively greater in hydrochloric acid than in potassium 
chloride solutions, especially at the higher concentrations.
Elton (1949, loc. cit.) studied the effect of electroviscosity on the velocity of sediment­
ation of carborundum particles in potassium chloride solutions, before the theory for non- 
spherical particles had been adequately developed. In order to estimate the order of the
electrokinetic potentials, he assumed that the carborundum particles could be treated as 
spheres, and used a simple expression for the electroviscosity which, as he pointed out, will
lead to high values for £. His values are, in fact, roughly twice those obtained by using 
the full expression for non-spherical particles.
It is seen from Table 1 that the charges in potassium chloride and sodium chloride 
solutions differ only very slightly over the whole range, those in potassium chloride solution 
being slightly the larger. This indicates that the potassium and the sodium ion possess 
similar adsorption energies at the carborundum surfaces, that for the potassium ion being 
slightly the smaller {i.e., more negative). This has been confirmed by measurements of 
ion adsorption (Elton and Mitchell, unpublished work), the values being —7-3 kcal. for the 
potassium ion, and —7-2 kcal. for the sodium ion, for adsorption from 10“3N-solutions.
The charge in hydrochloric acid is about 100 e.s.u. less than that in potassium chloride 
solutions at the lowest condentrations studied, and the difference rises slightly with 
increasing concentration. This is probably due, at least in part, to the fact that in the acid 
solution the dissociation of ions originally present in the conductivity water is suppressed 
by addition of acid, and their contribution to the total charge is lost. It is seen from 
Table 2 that the charge in the pure solvent (“ equilibrium ” water, k  — 1 gemmho) is 
about 400 e.s.u., so we must conclude that the contribution of the “ solvent charge ” is not 
additive to the “ solute charge ” in the salt solution—owing to the fact that addition of 
solute alters the potential in the adsorbed layer (see also Dulin and Elton, 1953, loc. cit.). 
The charge in nitric acid is also less than that in potassium nitrate solutions, the difference 
being about 30 e.s.u. at the lowest, and about 200 e.s.u. at the highest, concentrations.
The charges in nitric acid are consistently lower than those in hydrochloric acid, the 
difference being 80—125 e.s.u. over the concentration range 1 x 10_5n  to 2 X 10_3n . The 
charges in potassium nitrate solutions are consistently lower than those in potassium 
chloride solutions, the difference being 60—215 e.s.u. over this concentration range. These 
differences indicate that the adsorption energy of the nitrate ion at a carborundum surface 
is appreciably less {i.e., more negative) than that of the chloride ion. This has been 
confirmed by measurements of ion adsorption (Elton and Mitchell, loc. cit.), the values 
for adsorption from a 10~3N-solution being —4-0 kcal. for the nitrate ion, and —3-8 kcal. 
for the chloride ion.
The results for potassium hydroxide solutions were obtained in water of very low 
carbon dioxide content {k  =£= 0-2 gemmho) in order to avoid the complication of consider­
able reaction of the hydroxyl ion with bicarbonate ions from the solvent. There will 
therefore be an unusually small “ solvent charge ” in this case. The charges in potassium 
hydroxide solutions are very similar to those in potassium nitrate solutions, especially at 
the lower concentrations, so we may draw the qualitative conclusion that the adsorption 
energy of the hydroxyl ion at a carborundum surface is, at these concentrations, not very 
different from that of the nitrate ion.
E xperim ental
M aterials.— Carborundum powder (700 mesh) was supplied b y  th e Carborundum Com pany  
Ltd. I t  was cleaned b y  treatm ent w ith  a lcohol-n itric acid, followed b y  boiling aqua regia, 
and w ashed m any tim es w ith  conductiv ity  w ater. Purification of th e  solutes used has been  
described previously (Parts I, III , and V , locc. cit.), excep t th a t for potassium  hydroxide  
" A nalaR  ” pellets were w ashed w ith  con ductiv ity  w ater to  rem ove surface carbonate, and a 
solution m ade up in good-quality  conductiv ity  water {k  —  0 -2  gem m ho), and kept in a w axed  
bottle  under nitrogen. The solution was standardised against potassium  hydrogen phthalate, 
and used im m ediately.
Particle-sizing of Carborundum.— This was done as described in Part I. Specim ens of tw o  
particle sizes were used, w ith  lim iting sedim entation velocities (u0) o f 3-94 X 10-3 and  
5-32 x  10-3 cm ./sec. The areas per g. (A0) of th e  particles, determ ined as described in Part I 
{loc. cit.), were 6-23 X 104 and 3-85 X 104 cm .2, respectively.
Sedimentation Experiments.— These were carried out in a cell of the typ e described in Part IV  
{loc. cit.). The cell, containing the carborundum and about 180 ml. of conductiv ity  w ater, was 
clam ped vertically  in a therm ostat at 25-00° ±  0-01°. A dditions of electrolyte stock  solution  
were m ade w ith  a m icroburette, and the cond uctiv ity  of the solutions obtained was measured  
on a conventional A.C. bridge, th e  concentrations being calculated from the measured  
conductivities. The w eight of particles per ml. of the suspension {M) was determ ined before each
run b y  taking 25 ml. of the original suspension in conductiv ity  water, centrifuging out th e  
particles, and drying and weighing them  on a microbalance.' (In th is work M  was usually  
betw een 4 x  10-5 and 4 X 10-4 g ./m l.) As the volum e o f  the suspension was changed during  
the run’b y  addition of electrolyte solution, a slightly  different value of M  has to  be used at each  
concentration. This technique was used in preference to  the m ethod of successive dilution in  
order to  avoid loss of a slight film of particles w hich tended to  cling to  the surface of the solution.
.  ^B a t t e r s e a  P o l y t e c h n i c , S .W .ll. [Received, July 13th, 1953.]
P r i n t e d  in  G r e a t  B r i t a i n  b y  R ic h a r d  C l a y  a n d  C o m p a n y , L t d .,
B u n g a y , S u f f o l k .
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632. Surface Isomerisation. P art I . The Surface-catalysed 
Racem isation of 2-Phenylbutane.
By A. G. D a v ie s  a n d  G. A. H. E l t o n .
O ptically active 2-phenylbutane recovered after adsorption on carbon  
has been found to  have undergone partial racem isation, the degree of racem is­
ation depending on the tim e and tem perature of residence on the carbon.
A ten ta tive  explanation  of th is phenom enon is given  in term s of hom olytic  
fission of the hydrocarbon on the surface of the adsorbent.
I t  has been postulated that one of the functions of a heterogeneous catalyst may in some 
cases be to disrupt reacting molecules into free radicals on adsorption, the distance between 
adsorption sites and the structure of the adsorbate molecule being among the factors 
which determine the position of fission in the adsorbed molecule (Waters, “ The Chemistry 
of Free Radicals/' 2nd Edn., Oxford Univ. Press, 1948, pp. 214—221; Melville, Ann. 
Reports, 1938, 35, 71—77). In this paper we give further evidence for the occurrence of 
homolysis produced by surface adsorption, based on measurements of optical activity of a 
substance before and after adsorption on carbon surfaces.
Carbon was chosen as a suitable adsorbent because of its high specific surface area, 
which was necessary for the convenient adsorption of a sufficient quantity of material for 
use in measurements of optical activity. ■ -
In choosing a suitable compound for study, attention was given to the following points : 
(1) In order to minimise the possibility of heterolytic (ionic) fission occurring on adsorption, 
use of a hydrocarbon appeared preferable. (2) The hydrocarbon chosen must be 
capable of resolution, a fact which drastically limits the available choice. (3) The hydro­
carbon must be of the type which is likely to undergo homolysis at the asymmetric centre. 
Homolytic fission normally occurs readily at a tertiary hydrogen atom ; choice was thus 
directed to compounds of the type CR1R2R3H. (4) In order that the radical shall be 
fairly readily formed at moderate temperatures, it is preferable that one of the groups 
R 1, R2, or R3 should be a phenyl group, so that the radical formed is resonance stabilised. 
Since 2-phenylbutane fulfils all these requirements and has been previously resolved 
(Harrison, Kenyon, and Shepherd, / . ,  1926, 658), it was chosen for these studies. That 
2-phenylbutane can undergo homolysis at the asymmetric centre of the molecule is indicated 
by its autoxidation to form 2-phenyl-2-butyl hydroperoxide (Hawkins, J., 1949, 2076), 
and by the fact that this reaction is catalysed by ultra-violet light (Ivanov, Savinova, and 
Zhakhovskaya, Doklady Akad. Nauk. S.S.S.R., 1948,59, 905). Similar, more comprehensive 
evidence exists for the free-radical reactions of 2-phenylpropane (Hock and Lang, Ber., 
1944, 77, 257; Kharasch, McBay, and Urrey, J. Org. Chem., 1945, 10, 401; Farmer and 
Moore,/ . ,  1951, 131).
Two widely differing specimens of carbon were used in the experiments : (A) “ Norit ” 
and (B ) a granular animal charcoal. Adsorption was brought about by passing a stream of 
nitrogen saturated with the hydrocarbon vapour over the carbon, or by admitting the vapour 
to the thoroughly evacuated adsorbent. The carbon carrying the adsorbed material was 
then heated to ca. 200° for varying lengths of time, in order to determine the effect of differ­
ent residence conditions. In the early experiments attempts were made to desorb the
hydrocarbon by passing over it a stream of pure nitrogen while keeping the carbon at a 
temperature well above the normal boiling point of the hydrocarbon (172°). This was 
found to remove only a small fraction of the total adsorbate, and the hydrocarbon recovered 
by this method, which was probably only capillary-adsorbed, had undiminished rotation. 
The carbon carrying the remainder of the hydrocarbon, which was probably held by 
chemisorption and van der Waals forces, was a dry powder with no trace of the character­
istic smell.of the hydrocarbon. This strongly adsorbed material could be partly recovered 
from the carbon by heating it under a high vacuum and high temperature, or completely 
by extracting it with hot benzene, and the hydrocarbon thus obtained had a diminished 
rotation, the degree of loss of activity depending on its treatment while on the adsorbent. 
The results of typical experiments are summarised in the table.
Activity of hydrocarbon,
Specimen
temp., etc.
aD (I =  0-5) : Loss of
Expt. of carbon time, hrs. initial final activity, '
1 B — — -1 -00° -0 -92° 8
2 A 1 100°/25 mm. +  1-50 +  1-41 6
3 B 1 190 -1 -0 2 -0 -8 6 16
4 B 1 200 +  1-47 +  1-28 13
5 (i) 1
(ii) *
B ca. 2 \  ca. 5 j 200/10-4 mm. +0-38
+  0-31 * 
+0-20 t
18
47 .
* Pumped off at 10~4 mm.
f  Extracted with benzene after further desorption by pumping became impossible.
A control experiment in which the hydrocarbon was heated to 200° for 1 hour in a 
sealed tube produced no racemisation; therefore it seems safe to conclude that the racem- 
isation observed in our experiments is the result of the adsorption-desorption process. 
Chemisorption or strong van der Waals adsorption appears necessary for the racemisation, 
since the loosely held hydrocarbon, which was probably capillary-condensed, was recovered 
with unchanged rotation.
Discussion.— This racemisation of the hydrocarbon might have taken place (a) during 
the process of adsorption, (b) while adsorbed on the carbon surface, or (c) during the de­
sorption process.
(a) The adsorption process. At least four possible mechanisms of chemisorption may be 
considered, viz., (i)—(iv). Mechanism (i) would involve formation of a planar free radical 
with consequent racemisation; (ii) might involve inversion of configuration in the group R ;
(iii) is unlikely to produce racemisation; and (iv) would involve complete racemisation 
even in the absence of a surface, and our control experiment has shown that this does not 
occur.
(i)
C l
CH
c
R-> 
H .
 S-
H R
S------S-
(iii)
H R H----- Jt
- 1 _ L
(ii)
>H
Q
CR -
- U -
(iv)
/ > r v
H------R
H--Y
R
C
H9  R'2  
- s i - s i
R H 
S S—
H R  
-S S -
(b) Reaction in the adsorbed layer. Two types of mechanism are usually postulated to 
account for reaction on a catalyst surface (Eley, Quart. Reviews, 1949, 3, 209). (i) Re­
action between adjacent molecules or radicals chemisorbed on the surface. This might 
lead to the formation of R-H, or R -R  and H-H. If R -H  is produced, desorption would 
probably occur and racemisation might then be brought about by re-adsorption by any of 
the above mechanisms. Appreciable formation of dehydro-dimer (R-R), and correspond­
ing amounts of hydrogen, is excluded since almost quantitative recovery of the original
hydrocarbon is made experimentally, (ii) The reaction between molecules or radicals 
in the chemisorbed layer with molecules in the van der Waals adsorbed layer :
H— R R—|—H
• R __ . I R
1 j, j j.
This would probably involve extensive racemisation.
(c) The desorption process. Any of the four postulated adsorption mechanisms may 
function in reverse, although the reverse of reactions (i) and (iv) seems rather improbable. 
The fact that, as shown in the table, the time and temperature of residence on the carbon 
markedly affect the degree of racemisation of the hydrocarbon indicates that at least a 
large portion of this racemisation must occur during stage (b). Of the two possible mech­
anisms given above, (b, ii) is the one normally recognised as being effective at moderate 
temperatures such as those employed in our experiments.
The results of experiments (1) and (2) indicate that only a small degree of racemisation 
is obtained if the hydrocarbon is desorbed immediately after adsorption, or after only a 
small amount of heating on the surface. This would suggest that racemisation during 
processes (a) and (c), if occurring at all, is of relatively small importance.
In view of the above results, it would appear to be of value to study other cases in which 
surface homolysis may lead to isomerisation. Studies of the surface-catalysed geometrical 
isomerisation of maleic and fumaric acids are in progress in this laboratory, and it is hoped 
to extend the investigation to other substances, e.g., cis- and b'^ms-decahydronaphthalene.
E x p e r im e n t a l
Materials.— Carbon A, a com m ercial specim en o f finely-divided “ N orit,” was shaken w ith  
dilute sulphuric acid, washed, shaken w ith  dilute sodium  hydroxide, thoroughly washed, and  
dried a t 120°. I t  w as then  refluxed for a prolonged period w ith  absolute alcohol, then  w ith  pure 
benzene, and dried a t 120° under vacuum . Carbon B, a granular anim al charcoal, was sim ilarly  
purified.
2-Phenylbutane, prepared b y  H aw kins’s m ethod ( / . ,  1949, 2076), w as resolved b y  Harrison, 
K enyon, and Shepherd’s m ethod (loc. cit.). T he various specim ens were d istilled d irectly  
before use (b. p. 171— 172°). •
Optical Activities.— These were m easured on the pure liquid a t room  tem perature in  a
5-cm. tube, sodium -D  light being used.
Adsorption and Desorption.— Two m ethods of adsorption were used : (i) A  slow  stream  of 
pure dry nitrogen was passed through the hydrocarbon (ca. 1-5 g.) k ep t a t about 60°, and the  
resulting vapour led up a colum n packed w ith  the adsorbent (ca. 30 g.) kept a t a sligh tly  higher 
tem perature to  prevent m echanical condensation, (ii) A bout 60 g. of the carbon were evacuated  
a t 1 0 -4 mm . and 2 0 0 ° for a prolonged period, after w hich the outgassed hydrocarbon was allowed  
to  d istil on to  it  a t room  tem perature from a side arm. The carbon .carrying the adsorbed  
hydrocarbon w as then  heated  in situ  for varying periods, a therm ostatically  controlled electric 
heating jacket being used. D esorption was brought about b y  pum ping a t 10 ‘4 m m . and 200° 
in to  a trap a t — 80°, or b y  repeated refluxing w ith  benzene. I t  w as never possible to  rem ove all 
th e adsorbed m aterial b y  the former m ethod. The recovered hydrocarbon was distilled, and its  
boiling poin t and refractive index were taken as criteria of purity.
B a t t e r s e a  P o l y t e c h n i c , L o n d o n , S .W .ll. [Received, April 15th, 1952.]
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The adsorption of ions from electrolyte solutions by silica has been studied using a 
conductimetric technique. The results obtained have been used together with electro- 
kinetic data to calculate the energies of adsorption of the individual ions into the fixed 
part of the double layer.
The Stern co n cep t1 o f  the electrical double layer at the solid/electrolyte solu­
tion interface leads to the equation
o-0 +  cq +  o-2 =  0, (1)
where oq, cri, cr2 are the charges in the solid, the fixed layer o f ions and the diffuse 
layer respectively. Stern gives an equation representing the charge and number 
o f ions in each zone but this is o f  little practical use at present because o f  its 
complicated nature and because it contains several parameters not experimentally 
determinable.
In this paper it is shown that for solids which derive their charge solely by 
adsorption o f  ions, a much simpler equation may be used to determine the com ­
position o f the separate zones o f  the double layer. The experimental work de­
scribed consists o f  the determination o f  the number o f  ions involved in the com ­
plete electrical double layer by measuring the change in conductivity occurring 
when an electrolyte solution is equilibrated with a large area o f  fused silica. 
D ata from  measurements o f this kind have been com bined with electrokinetic 
potential data, obtained from  the sedimentation velocity measurements o f  D ulin  
and Elton 2> 3> 4> 5 in order to calculate the number o f ions in the individual layers 
(fixed and diffuse) and hence the energies o f  adsorption o f the ions involved.
EXPERIM EN TAL
M a t e r ia l s .— Ground fused silica was supplied by Thermal Syndicate Ltd. It was 
cleaned by treatment with boiling aqua regia and by the products of the reaction between 
concentrated nitric acid and ethyl alcohol. These processes were followed by repeated 
washing with successive changes of conductivity water and final drying in an air-oven 
at 120° C. The area per g of the silica was determined by the method of catalytic de­
composition of hydrogen peroxide introduced by Clark 6 and as modified by Dulin and 
Elton.2
In the first measurements with hydrochloric acid the silica used had an area/g of
6-9 x 103 cm2. In all other cases a coarser fraction was used, the area/g being 3-0 x  103 cm2. 
About 150 cm3 of conductivity water and 80-100 g silica were used in each experiment. 
The area/volume ratios 0 of the systems studied were thus of the order 4500 cm -1 in 
the earlier work and subsequently of the order 2 0 0 0  cm-1.
Conductivity water was obtained for most of this work from a still of the type described 
by Bourdillon 7 and modified by Bengough, Stuart and Lee.8 In some cases water was 
obtained by passing good distilled water through a column packed with a resin, Biode- 
mineralite, supplied by the Permutit Co. Agreement between results for the same electro­
lyte obtained from these two sources has been excellent (see also Benton and Elton 9). 
The conductivity of the water used throughout this work was between 0-2  and 0-5 gemmho.
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Electrolytes studied were hydrochloric, nitric and sulphuric acids, potassium chloride, 
sodium chloride and potassium nitrate. These were all of a .r . quality. Approximately 
N/10 solutions of the acids were made up in conductivity water and standardized volu- 
metrically by borax, using methyl red as indicator; more dilute stock solutions were 
made up by weight from the N/10 solutions. Salts were recrystallized several times from 
conductivity water; solutions were made up by weight.
A p p a r a t u s .—The apparatus was as shown in fig. 1. The main cell A  had a capacity 
of about 250 cm3. The upper stopper of this cell was provided with inlet tubes a, b, 
in turn fitted with cap and stopper respectively. A  tube for passage of solution to the
subsidiary cell B also passed through this 
stopper. The subsidiary cell was fitted 
6  with a capped side arm /  and contained
the electrode system. Clear solution over 
the sedimented ground silica in the main 
cell could be blown into the subsidiary 
cell, in order to measure the conductivity, 
by a stream of nitrogen entering at a, and 
returned by a stream of nitrogen entering 
at / .  The whole glass apparatus was 
supported on a brass framework in an oil 
thermostat maintained at 25° C ±  0-005° C.
As the same electrode system was to 
be used over a wide range of electrolyte 
concentration (0 to 2 x  10-3  N) it was 
necessary to determine the cell constants at 
a number of concentrations throughout the 
range, due to variation in this factor with 
concentration (Parker effect10). For each 
electrolyte, therefore, a blank run was per­
formed in which the resistances of the cell 
containing a number of solutions, accurately 
made up by weight, were determined.
P r o c e d u r e .— The apparatus was cleaned 
by the products of the reaction between 
concentrated nitric acid and ethyl alcohol, steamed for about 45 min, rinsed with con­
ductivity water and dried in an air-oven at 120° C. The apparatus was flushed out with 
a stream of nitrogen and a known weight of conductivity water introduced directly from 
the tin receiver of the still or the delivery tube of the ion exchange column. When tem­
perature equilibrium was attained, the conductivity was determined by the usual a.c. 
bridge method. A  known weight of dried silica was added via inlet b and the whole 
apparatus removed from the thermostat and vigorously shaken. After settling, the con­
ductivity of the clear liquid was measured. Equilibrium—constancy of bridge reading was 
taken as the criterion—was usually attained after two such shakings and always after three. 
Stock solution of electrolyte was then added in small quantities from a weight burette; 
equilibrium was attained by shaking, and the conductivity determined after each addition.
In the course of preliminary work it was observed that addition of the silica to con­
ductivity water caused an immediate and considerable increase in the conductivity of 
the water. This was at first attributed to improper cleaning and washing of the silica but 
after repeated boiling with successive quantities of conductivity water and redrying it 
was found that the same phenomenon occurred and to the same extent. The conduc­
tivity of the water increased linearly with increasing area of silica present, the proportion­
ality factor being about 1-2 X 10~9 ohm -1 cm -1 0_1.
The increase in conductivity is not due to dissolution of gases (e.g. CO2) adsorbed 
on the dried silica since the phenomenon was observed to the same extent when con­
ductivity water was admitted to silica which had been outgassed at 100° C in “ vacuum ” 
(better than 10-3 cm Hg). Dissolution of a soluble surface layer is suggested by the fact 
that successive replacement of the water gave water, in equilibrium with the silica, possess­
ing a conductivity nearly as low as that of the freshly prepared water.
This solubility of silica has been observed previously 12>13 and it has been 
suggested 13 that it is due to a soluble surface layer of the Beilby 14 type, dissolving to 
give mainly colloidal silica. The present work has shown that the layer is regenerated, 
after dissolution in a neutral or acid medium, by drying at 120° C.
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R E S U L T S
In order to determine how the increase in conductivity of the water, upon addition 
of silica, would affect the conductivities of the electrolyte solutions in equilibrium with 
the silica, we have measured the conductivities of hydrochloric acid and potassium 
hydroxide solutions made up with water which had been equilibrated with an amount of 
silica as used in the adsorption experiments. The results are shown graphically in fig. 2. 
These indicate that the conductivity of the water is additive to the HC1 conductivity— 
at least up to a concentration of 1 0 -4  N —but quickly suppressed by the presence of alkali. 
These results suggest that the dissolved material exists either as a silicic acid in true 
solution—in which case it must be a fairly strong acid—or more probably, colloidal 
particles with hydrogen gegenions.
--3
X - / / 7  ordinary conductivity mater y *  
o —in cuater equilibrated unth sijnca 
<*-o corrected as K f
-a  s
-3-
%- in ordinary conductivity w atery
0  = m water equilibrated' A  
w ith  silica /
/
: /  •
H o K ' y f /
- 5-
&
y x/  h g j K O H ]
- 5  - 3 - 5  -d -  -3
(a) Conductivities in ohm -1 cm-1. (b) Concentrations as normalities.
Fig. 2.
Hence in the interpretation of the results obtained for adsorption from acid solution 
by silica, the increase in conductivity when the silica is added to the water has been treated 
as a type of solvent correction as follows. If ZN =  conductivity of H2O before addition 
of silica, Ks =  conductivity after addition of silica and KM — conductivity of solution 
after addition of acid to bring the concentration to Co if no adsorption took place, then 
the true conductivity KT of the acid left in the bulk of the solution at equilibrium concentra­
tion C has been calculated from
Kt =  Km -  (£s -  Kn).
Ks — Kw and not Ks is used as the correction factor since the conductivity KN is generally 
attributed almost entirely to hydrogen and bicarbonate ions (see e.g. Davies 15), the 
concentrations of which will be suppressed in acid solution, suppression being virtually 
complete at concentrations of added acid greater than 1-2 x  10-5  N.
Fig. 3 shows results obtained for adsorption from HC1 solution. Values of a, the 
number of excess solute ions of each sign involved in the whole double layer/cm2 are cal­
culated from .
oc =  N ( K o - K T) 0 Z l h (3)
where N  — Avogadro number, Kq =  conductivity of the solution in absence of ad­
sorption, 8 =  area of solid phase/volume of liquid phase, 2  h represents the sum of the 
ion conductances of the ions involved. Results for a were reproducible to within 5 %. 
Fig. 3 also shows results to check the applicability of the correction term applied to the 
measured conductivities; adsorption experiments were carried out in HC1 solutions made 
up after exchanging the water in equilibrium with the silica until its conductivity was 
about the same as that of freshly prepared conductivity water. N o correction was applied 
to the measured conductivities in this case. It is seen that results obtained by the two 
different methods are in close agreement, indicating that the presence or absence of the 
dissolved silica does not affect the number of solute ions taken into the double layer.
Fig. 4 shows the number a of ions per cm2 of interface involved in the whole double 
layer for the three acid solutions studied. The data are obtained from smoothed curves 
of the type shown for hydrochloric acid in fig. 3.
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The electrokinetic potential data of Dulin and Elton 2-5 have been used since their measure­
ments were carried out on systems where the area/volume ratios were very low and hence 
the equilibrium concentrations (after adsorption) could be assumed equal to the “ nominal ” 
concentrations.
T a b l e  1.— E l e c t r o k i n e t i c  d a t a  o f  d u l i n  a n d  e l t o n
acid concn. 
normality aHCle.s.u.
0HNO3
e.s.u.
CTH2SC>4
e.s.u.
H^Cl * 
mV
£hNC>3
mV
H^2S04
mV
2 x 10-5 1096 1013 1093 -  135-9 -  132-0 -  135-8
5 x 10-5 1379 1418 1453 -  124-3 -  125-7 -  126-9
1 X 10-4 1689 1772 1805 -  117-0 -  119-4 -  120-2
2 x 10-4 2090 2228 2226 -  110-2 -  113-5 -  113-3
5 x 10-4 2781 3107 2916 -  101-7 - r  107-2 -  103-8
1 X 10-3 3493 3770 3488 -  95-8 -  99-5 -  95-4
2 x 10-3 4434 4368 4300 -  90-5 -  89-8 V -  88-6
T a b l e  2 .— E l e c t r o k i n e t i c  d a t a  o f  d u l i n  a n d  e l t o n
salt concn. 
normality ffKCl ffNacl ffKN03 ^KCl* ^Nacl * k^no3e.s.u. e.s.u. e.s.u. mV mV mV
2 x 10-5 1307 1201 1187 -  145-0 -  140-6 -  140-0
5 x 10-5 1685 1581 1570 -  134-5 -131-3 -  130-9
1 X 10-4 2100 1990 1991 -  128-1 -  125-3 -  125-3
2 x 10-4 2603 2528 2454 -  121-4 -  119-9 -  118-4
5 x 10-4 3483 3470 3444 -  112-9 -  112-7 -  112-4
1 X 10-3 4230 4331 4207 -  105-2 -  106-5 -  105-0
2 x 10-3 .5129 5289 5018 -  97-6 -  99-2 -  96-5
* The values of £ given here differ slightly (approx. 1 mY) from those originally 
published. This is due to correction of an error in constants used in the calculation of 
the potential from the charge.
However, in assessing the numbers of ions of each type in the fixed layer, allowance 
must be made for the fact that, in addition to the added solute ions, other ions are present, 
namely, bicarbonate, hydroxyl and “ silicate ” ions of unknown structure (from dis­
solution of silica). The numbers of these other negative ions in the bulk solution are 
small, compared with the numbers of the main ions, and their contribution to the diffuse 
layer will be negligible. The possibility cannot be ignored, however, that one or more 
of these ions may possess a high adsorption energy and therfore make an appreciable 
contribution to the fixed layer. As is shown later,, the only one of these ions making a 
significant contribution is the hydroxyl ion, of which appreciable numbers may be present. 
The conductimetric measurements on the acids provide no direct information concerning 
the number of hydroxyl ions in the fixed layer, since as they are removed by adsorption 
they are replaced by dissociation of water molecules. This dissociation produces extra 
hydrogen ions which in order to fulfil the final condition of electroneutrality in the bulk 
solution must also be adsorbed into the fixed layer. As a result, the fixed layer will con­
tain a larger number of hydrogen ions than is indicated by eqn. (14), i.e.,
true n \■= aH -  +  #?£H. (15)
For a first approximation we will neglect «*H and calculate n* in acid solution from eqn. 
(14). These results will be used to obtain first approximations for EH using eqn. (13). 
It is apparent, however, that eqn. (14) will lead to correct values of «,F for negative solute 
ions. Table 3 shows the values of Eci, £no3> ESQ4 and the first approximation values 
of Eh.
Fig. 5 shows diagrammatically the results of conductimetric measurements on salt 
solutions in equilibrium with ground silica. N o loss in conductivity due to adsorption 
was found, in fact a slight increase occurred, even after allowing for dissolution of silica. 
It is, however, known that a larger electrokinetic charge is carried by a silica surface in 
a salt solution, than in the corresponding acid solution (see data of Dulin and Elton in
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tables 1, 2). The following interpretation of the experimental results is based upon the 
idea that adsorption of ions of a neutral salt, added to a silica +  water system, will be 
accompanied by changes in the equilibrium of ions already forming an electrical double 
layer at the silica/water interface.
T a b l e  3.— A d s o r p t i o n  e n e r g y  d a t a  c a l c u l a t e d  f r o m  r e s u l t s  i n  a c i d  s o l u t i o n
H C l H N 0 3 H2SO4
equil. concn. 
c (norm al) 1st approx . 
kcal
Ec\
kcal
En
1st approx . 
kcal
^ 0 3
kcal
Eh
1st approx . 
kcal
Es04
kcal
2  x  10-5 . — -  1-76 — - 1 - 9 9 — +  1-27
5 X 10-5 - 8-1 -  2-10 -  8-4 -2 - 1 8 -  8-5 +  0-76
1 X 10-4 -  8-1 - 2 - 4 4 -  8-3 -2 - 4 8 -  8-3 +  0-32
2 x  10-4 - 8-1 -  2-84 -  8-3 - 2 - 8 2 -  8-3 -0 -1 8
5 x  10-4 - 8 - 3 -  3-41 -  8-5 - 3 - 3 2 - 8 - 3 - 0 - 9 4
1 X 10-3 - 8 - 5 -  3-84 - 8 - 7 - 3 - 7 9 - 8 - 4 -  1-61
2  x  10-3 - 8 - 7 - 4 - 2 9 -  8-8 - 4 - 3 4 -  8-6 -  2-22
At a silica interface in conductivity water a charge exists of the order of a few hundred 
e.s.u./cm2 depending on the conductivity (i.e. on the carbonic acid content) of the water.9 
This charge is presumably due to adsorption of excess bicarbonate (and/or hydroxyl) 
ions into the fixed layer and is balanced by an equivalent number of excess hydrogen ions 
in the diffuse layer. If a neutral salt, e.g. potassium chloride, is added to this system,
-J  A. KCl B. NaCl c. kno3
------theoretical KCl conductivity -3---theoretical NaCl 
conductivity + Ks
------theoretical KN0s
conductivity + K5
-■? y - f
l°g,„KH /s hS,o y / logio Km y c
-5 y y
-5- -5-
■Kt-' /} in mole/ cm*
' f o g ^ a
-6 16-0 17-0 /8-0 lo9,o N^aC)/6-0 17-0 W-0
rj0
/0% KNOs 
!6-0 17-0 18-0
Km in ohm -1  cm-1  
F i g .  5.
potassium and chloride ions will be adsorbed into the fixed layer to an extent depending 
on the specific chemical adsorption energies of these ions and the electrical attraction 
or repulsion of the already negatively charged surface. As the concentration increases, 
the electrokinetic charge increases and the potential decreases, causing release of positive 
ions from the diffuse layer and incorporation of more bicarbonate (and/or hydroxyl) 
ions into the fixed layer, due to lower electrical repulsion. The net result of all these 
processes will be a decrease in concentration of potassium and chloride ions in the bulk 
solution (that for the potassium ion being probably larger than that of chloride ion, due 
to the large excess of potassium ion and deficiency of chloride ion in the diffuse layer) 
and an increase in the concentration of hydrogen ion. The bulk solution will, of course, 
remain electrically neutral and the relative numbers of hydrogen, bicarbonate and 
hydroxyl ions in the bulk solution will be governed by the first dissociation constant and 
the total amount of carbonic acid and the ionic product of water.
Whether a decrease or an increase in conductivity occurs will depend on the relative 
changes in concentration of hydrogen, chloride and potassium ions and on the mobilities 
of these ions, the contribution of bicarbonate ion, and certainly of hydroxide ion, to the 
conductivity being considered negligible. A relatively small number of hydrogen ions 
of high mobility released into the bulk solution would be sufficient to compensate for 
the conductivity loss due to adsorption of potassium and chloride ions.
On the basis of the above mechanism the results in salt solutions have been analyzed 
in the following manner, exemplified with potassium chloride.
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(i) Equilibrium concentrations wBj (ions/cm3) of the chloride ion corresponding to 
2, 5 x  10“5; 1, 2, 5 x 10~4; 1, 2 x  10-3  N  are considered and the numbers of chloride 
ions in the diffuse and fixed layers per cm2, n*j, are calculated using the expressions
/7°1 =  — 2A«®j[l — exp (e£/2kT)],
=  nlx exp [(Ed -  zFZ/RT],
in which the values of the electrokinetic potentials, £ are taken, as a first approximation, 
to be the appropriate values for the neutral salt (see tables 1 and 2). The values of 
the adsorption energy Ec\ of the chloride ion at appropriate concentrations are taken 
from the work on the corresponding acid (see table 3).
(ii) To produce the equilibrium bulk concentrations we require initial concentrations 
(i.e. before adsorption) «°cl, given by
" k c I  =  * c l  +  6K \  +  «cl>> 
where 6 — (area of solid phase)/(volume of liquid phase).
(iii) The conductivities of the bulk solution corresponding to these rc°cl values are 
obtained by interpolation of the experimental results.
(iv) The bulk concentrations of hydrogen ion and potassium ion, «B, «B, are calculated
by solving simultaneous equations
Km — 2  hniB,
and 2  =  0 ,
where Km — measured conductivity, h =  ion conductance. The contribution of hydroxyl 
and bicarbonate ions is negligible in both of these equations; the contribution of 
“ silicate ” ions to the conductivity is assumed negligible but their number is significant 
in the electroneutrality equation at low concentrations. The number of equivalents of 
this “ silicate ” ion is given by (Ks — ATw)//h.
(v) Due to the increase in concentration of hydrogen ion, produced by equilibrium
with the silica, the true electrokinetic charge, o will be lower than that for the appro­
priate concentration of neutral salt and will lie between orKCi and <xHCi. A  linear inter­
polation is carried out to find the value o' of the electrokinetic charge, to a second 
approximation. Thus
nb
a' —  °KCl — ---------~ (°KCl °HCl)>«B + n®
and the corresponding value of the potential £' is obtained from the expression 
o' =  (2ekT/n)i ( I  «B)* sinh (e£'l2kT).
(vi) Using this new value of the potential, stages (i)-(v) are repeated. This system of 
successive approximation is continued until no further correction to the value of the 
potential is entailed (see table 4, where some typical approximations are given for potassium 
chloride).
(vii) The numbers of hydrogen ions and potassium ions in the diffuse layer are cal­
culated from ,
«;D =  — 2A/7jB[l — exp ( — el,'l2kT)] 
where £ ' =  the final corrected value.
(viii) The numbers of potassium ions in the fixed layer are calculated from
WK ~  { (WKCl —
(ix) The numbers of hydrogen ions in the fixed layer are given by
nvn =  n \  exp \(Ea ~  zFQ/RT],
the value of En being the first approximation for the appropriate concentration of hydrogen 
ion, obtained from the work on acid solutions (see table 3).
(x) The adsorption energy EK of the potassium ion at each concentration is calculated 
from
Ek =  RT\n (nFJ n BK) +  zF£.
Values of EK and Em  calculated for several concentrations are given in tables 4 and 5.
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An analysis has thus been obtained of the numbers of potassium, hydrogen and chloride 
ions in the three zones of the system, i.e. bulk solution, diffuse layers and fixed layer. 
A s mentioned previously, however, the possibility cannot be ignored that one or more 
o f the bicarbonate, hydroxyl and “ silicate ” ions may possess a high adsorption energy 
and make an appreciable contribution to the fixed layer.
T a b l e  4.— A d s o r p t i o n  b y  s i l i c a  f r o m  p o t a s s i u m  c h l o r i d e  s o l u t i o n
e =  1750 cm ; Kw =  3-723 x  10-7 0 hm -i ■cm- 1 ", Ks -= 2-044 x  10-6 ohm-i cm-1
„B
Cl
ions/cm3
approx.
F
"5 ."cl
ions/cm2 l° ^  
x 10-12 x lO -i2
o
WKCl
molecule/
cm3
ohm -i cm-i
4
ions / 
cm3 
X 10-16
B . 
nK
ions/cm3 e's-u- mV
1 1-206 x  1016 1 -  0-156 2-17 1-56 x  1016 7-29 x  10-6 0-861 6-42 x 1015 H86 -  134-5
(2 x  10-5N) 2 -  0-154 3-27 1-75 x  1016 8-00 x 10-6 1-02 4-88 x  1015 1165 -  133-5
3 -  0-154 3-40 1-77 x  1016 8-11 x 10-6 1-04 4-64 x  1015 1161 -  133-3
I 1-206 x  lOD 1 -  0-476 8-78 1-35 x  1017 4-18 x  10-5 2-56 9-80 x  1016 2497 -  118-7
(2 x  10-4 N) 2 -  0-473 9-75 1-37 x  1017 4-23 x  10-5 2-66 9-70 x  1016 2492 -  118-5
1-206 x  1018 1 -1-41 19-1 1-24 x  1018 3-19 x  10-4 6-21 1-14 x  1018 5093 -  97-3
(2 x  10-3 N) 2 -1 -41 19-4 1-24 x 1018 3-19 x  10-4 6-21 1-14 x  1018 5093 -  97-3
D D 
”h nK 
ions/cm2 ions/cm2 
X 10-12 X 10-12
F*
WH 
ions/cm2 
x  10-i2
F F*
"k n 
ions/cm2 ions/cm2 
x 10-i2 x  10-i2 kcal
B
”0H
ions/cm3
x  10-u
•^ oh*
kcal
(a) 1-74 0-78 2-12 6-71 7-86 -  6-94 3-46 4-9
(6) 1-04 3-77 3-06 19-0 17-5 -7 - 7 8 1*35 5-6
(c) 0-48 8-78 3-12 44-4 38-8 -  8-25 0-579 6-1
* These values are only first approximations and final figures are given in table 7.
T a b l e  5.— I n t e r p o l a t e d  a d s o r p t i o n  e n e r g y  r e s u l t s  f r o m
POTASSIUM NITRATE AND SODIUM CHLORIDE SOLUTIONS
concn. (normality)
2 X 10-5 _  7-25 -  7-6
1 X 10-4 _  7-65 -  7-85
2 x 1 0 - 4  - 7 - 8  - 8 - 0
1 x  10-3 _  8-15 -  8-5
2 x  10-3 _  8-3 -  8-75
The numbers of ions/cm2 in the fixed layer must satisfy the relationship
■ . 2  Zienj? = o - i .
It is found that consideration of only the main ions, potassium, hydrogen and chloride, 
does not satisfy this equation. A  number nF of negative ions given by
«F =  «h + “  nh  ~  Oi/e)
remains unaccounted for. Calculation shows that only a small fraction of nF can be 
bicarbonate ions; adsorption of the total carbonate content of the system (obtained by 
calculation from the initial conductivity of the water) would not provide sufficient ions 
to account for the nF values. It is unlikely that the “ silicate ” ions make a large con­
tribution, if any, to the fixed layer, since it has been shown that the presence or absence 
of the dissolved silica does not, apparently, affect the distribution of the other ions in the 
zones of the system. Also, as mentioned earlier, only a very small charge exists at a silica 
surface in conductivity water when no solute ion is present. It would therefore appear 
likely that nF represents largely hydroxyl ions, despite the fact that the bulk concentra­
tions of these ions are small. Values of n®H may be calculated from the bulk con­
centrations of hydrogen ion and the ionic product for water. The adsorption energy of 
the hydroxyl ion, to a first approximation, may then be calculated using the equation
£oh =  RTln  « H/ ^ H) +  zOHF£.
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The first approximation values of EQH thus obtained are given in table 4. These repre­
sent very strong adsorption and in support of this, preliminary adsorption experiments 
using potassium hydroxide indicate very strong adsorption of the hydroxyl ion.
The hydroxyl ion concentrations in the salt solutions are similar to those in the more 
dilute acid solutions. It is therefore probable that appreciable numbers of hydroxyl 
ions are present in the fixed layer in dilute acid solutions. The numbers involved may 
be estimated by interpolating the first approximation values of EOH for the appropriate 
concentrations in the acid solutions and using eqn. (14) to calculate nvon in these solutions. 
As pointed out earlier it is then necessary to modify the estimate of which, in turn, 
entails a modification in EH. Using the new values of EH a correction in the calculation 
described above for salt solutions may then be made. These processes are carried out 
successively until there is no further change in EK and Eon. The final results at several 
concentrations are shown in tables 6  and 7.
T a b l e  6 .— F i n a l  r e s u l t s  i n  d i l u t e  a c i d  s o l u t io n  a e t e r  a l l o w i n g  f o r
HYDROXYL IO N  ADSORPTION
n orm ality acid 4ions/cm 3 
x  10-16
B
”0H
ions/cm 3 
x  10-u
O^H
kcal
«F
ions/cm 2 
x  IO-13
4
ions/cm 2 
x  IO-13
E
kcal
2 x  10-5 HC1 1-206 2-985 5-6 2-1 2-2 - 6 - 9
HNO3 1-206 2-985 5-4 1-7 1-7 -  6-9
5 X  10-5 HC1 3-015 1-194 6-1 2-8 3-2 - 6 - 9
HNO3 3-015 1-194 5-8 1-5 1-7 - 7 - 3
1 X 10-4 HC1 6-030 0-597 6-2 2-4 3-1 - 7 - 2
HNO3 6-030 0-597 5-8 1-0 1-5 -  7-6
Figures for HC1 obtained by combination of results for HC1 and K C l; 
figures for HNO3 obtained by combination of results for HNO3 and KNO3 .
T a bl e  7.— F in a l  r e su l t s  i n  sa lt  s o l u t io n s  a f t e r  a l l o w in g  fo r
HYDROXYL ION ADSORPTION
(a) combination of results in potassium chloride and in hydrochloric acid solutions.
KCl concn. «F «F QH
(normal) ions/cm2 x[10~i3 ions/cm2 x  10-13 ions/cm3 x  10-11 kcal
2 X  10-5 2-3 1-7 3-46 5-5
2 X 10-4 3 .7  2-2 1-35 6-0
2 x  10-3 5 .0  1-5; 0-579 6-2
(b) combination of results in potassium nitrate and in nitric acid solutions.
n nn ”oh Eou
(.normal) ions/cm2 X IO-13 ions/cm2 X IO-13 ions/cm3 x  10"« kcal
2 X  10-5 1-7 1-2 3-54 5-3
2 X 10-4 2-3 1-0 2-71 5-7
2 X 10-3 3-2  0-47 0-789 5-8
(c) combination of results in sodium chloride and in hydrochloric acid solutions.
NaCl concn. nv nn noH Eon
(normal) ions/cm2 X 10- '3 ions/cm2 X 10-13 ions/cm3 X 10-11 kcal
5 X 10-5 0-97 0-47 3-36 4-9
1 X 10-4 1-1 0-49 2-71 5-0
D I S C U S S I O N
A s shown above the results o f  conductimetric measurements o f  adsorption  
from acid solutions may be used to calculate directly the energies o f  adsorption 
o f the solute anions, but owing to the presence o f an initially unknown number 
o f hydroxyl ions in the fixed layer, it is only possible to calculate directly a first 
approximation to the adsorption energy o f  the hydrogen ion. From  similar 
measurements in salt solutions we may,, using the appropriate values for the
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adsorption energy o f  the solute anion, calculate directly the adsorption energy o f  
the solute cation. Further, a first approximation for the adsorption energy o f  
the hydroxyl ion  is obtained and this is used as described in the results section  
to obtain final values for EQh and EH. A  complete analysis o f the results leading 
to Eh is only possible for hydrogen ion  concentrations up to about 10- 4  N , since 
this is the highest hydrogen ion  concentration reached in  the experiments with 
salt solutions. It is seen from table 6  that the number o f  hydroxyl ions in the 
fixed layer decreases as the acid concentration rises (apart from an initial rise 
with HC1). F or this reason, the first approximation to Eh at higher hydrogen  
ion  concentrations is nearer to  the final value than at lower concentrations. A t 
very high acid concentrations, will become negligible and the first approxima­
tion to Eh will then equal the final Eh- For the purpose o f plotting EH in fig. 6  
we have assumed that this is the case for the highest acid concentration studied 
(2 x  10-3  N ), although it is possible that the estimated value o f  Eu at this con­
centration is slightly too negative.
+ 6 -
+Z
F i g . 6 .
E  (kcal)
- 6
Fig. 6  summarizes all the adsorption energy data obtained so far. It is thought, 
in view o f the direct nature o f the calculations o f E  , ENQ3, ESQ4, that these 
anionic adsorption energy values are reliable to  within ± 0 - 1  kcal. For the 
hydrogen and hydroxyl ions, reproducibility o f  the estimates from  various systems 
is ±  0 -2  kcal from the mean value and a similar probable error exists for Ek 
and ENa except for the lowest concentrations where the accuracy is rather lower 
due to the fact that the “ solvent ” correction represents a considerable fraction  
o f the total conductivity.
It is seen that the values o f  the adsorption energies o f the N O 3-  and Cl-  ions 
are practically identical over the w hole range o f concentration while those o f  the 
sulphate ion  are o f smaller negative (or slightly positive) value. It is noteworthy  
that, as expected, the energy o f  adsorption changes with concentration, apparently 
tending to a limiting value at high dilution.
The energy o f adsorption, as calculated, represents the free energy change in­
volved in the transference o f the ion  from  the bulk solution to the site in the 
fixed layer, and will therefore include the energy o f removal o f  the ionic hydration 
shell, if  such should exist, and also the energy o f  removal o f the ion  or m olecule  
previously occupying the site, usually a water molecule. Et is made up by the 
sum o f the specific chemical adsorption energy and the localization energy o f  the
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ions on the sites, i? r in  (NF/NB). For any value o f  NF likely to be met with in 
practice (o f  order. 1 0 15 cm -2) this locahzation energy will be about — 1 0  kcal 
for dilute aqueous solutions. Ei w ill be less negative than this quantity by an  
am ount determined by the loss in free energy when the ion  is adsorbed (adsorption  
potential). The limiting adsorption energy for the hydrogen ion  is seen to be 
about — 7 kcal and the adsorption potential is therefore about +  3 kcal. The 
more strongly adsorbed nitrate and chloride ions have limiting adsorption energies 
o f about — 2  kcal (their adsorption potentials may differ because o f  different 
ionic areas) while for the divalent sulphate ion  the chemical adsorption potential 
actually outweighs the localization energy to give a positive value for the limiting 
adsorption energy (about +  1-5 kcal). W hen data o f this kind are available 
for a large number o f  electrolyte solutions and solids it may prove possible to  
correlate measured adsorption energies with electronic nature o f  the ions (and o f  
the solid phase), bond energies, ionic hydration energies, etc.
The adsorption energy is a fundamental double-layer parameter. If values 
o f this quantity for all ions involved in a given system are known, the electro­
kinetic potential and charge may be calculated. Thus
' Z  Ziemu + Z zien? = 0,
and hence, e.g. in  the simple case o f  uni-univalent electrolyte,
2Xe Z  m* [exp ( -  ZiFC/RT) -  1] +  e Z n?  exp [(Ei -  ZiFQlRT] =  0
i.e. exp [(E+ -  FQ/RT] -  exp [(£_ +  FQ/RT] -  4A sinh (F^/RT) =  0.
With the known values o f  E+, £!_, this equation may be solved for £. The value 
o f  a may then be calculated by means o f the usual equation due to Verwey and 
Overbeek .22
Finally we may note that the present work demonstrates that it is inadvisable 
to apply electrokinetic data o f  one system, directly to  other systems with different 
area to volum e ratios, particularly for colloidal systems where, due to adsorption, 
the equilibrium concentration will be very much different from  the “ nom inal ” 
concentration.
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Adsorption of Ions by Carborundum.
By G. A. H. E l t o n  and J. W. M i t c h e l l .
[R eprint O rd e r No. 4739.]
M easurem en ts of th e  e x te n t of ion  ad so rp tio n  b y  carb o ru n d u m  from  
som e d ilu te  e lec tro ly te  so lu tions hav e  been  m ade  conductom etrica lly , an d  
th e  re su lts  h av e  been  u sed  to  ca lcu la te  th e  energies of ad so rp tio n  of th e  
in d iv id u a l ions.
B e n t o n  and E l t o n  (Trans.' Faraday Soc., 1953, 49, 1213) have shown that for a non- 
ionogenic surface it is possible to use the results of measurements of adsorption from 
electrolyte solutions to calculate the energies of adsorption of individual ions, provided 
that the appropriate electrokinetic charges and potentials are known. This paper gives 
the results of measurements of adsorption by carborundum, the conductance-loss method 
described by Benton and Elton (loc. cit.) being used, and the calculated adsorption energies 
for six univalent ions.
/ 3 0
I o g K Eyutl/brium concentration
Solutions of hydrochloric and nitric acids undergo a marked decrease in conductivity 
on equilibration with a large area of carborundum. The figure shows the values of log10 a, 
the number of solute ions in excess per square cm. in the whole double layer, for these 
solutions. The number, nf, of ions of type f in  excess in the diffuse part of the layer can 
be calculated from the equilibrium bulk concentrations (nf ions per ml.) and the corre­
sponding electrokinetic potential £, Grahame’s equation (Chem. Reviews, 1947, 41, 441) 
being used, viz.,
n f =  - 2 \ n f [ l  — exp (—z& jkT)]  . . . . . . (1)
where X is the Debye-Huckel expression for . the effective double layer thickness, Zi is the 
number of electronic charges, e, carried by the ion of type i, k  is the Boltzmann constant, 
and T  is the absolute temperature. The number of solute ions of each type in the diffuse 
layer was calculated by using values of C given by Elton and Mitchell (J., 1953, 3690). 
The corresponding number in the fixed layer, nf, was then obtained from the equation
<  =  ai ~  nf  ......................................... (2)
As shown by Benton and Elton (loc. cit.), the values of Wanion obtained in this way are 
final, but the values of represent only first approximations to the number of adsorbed
m eth o d  o f ca lcu la tion  necessary . T here is lit t le  difference b etw een  th e  energies for sod ium  
a n d  p o ta ssiu m  ions, E Na b e in g  gen era lly  s lig h tly  h igher (m ore p o sitiv e ). T h e energies 
for th ese  ion s, an d  for th e  hyd rogen  ion , are rou gh ly  1 k ca l. h igher for carborundum  th a n  
for silica  (B en ton  an d  E lto n , loc. cit.). E C1 and  E N03 for carborundum  are v ery  sim ilar  
to  th e  corresponding v a lu es for silica , an d  it  is p ossib le  th a t  for th ese  ions, ad sorption  on  
th e  tw o  so lid s occurs on s ite s  of sim ilar ty p e .
E x p e r im e n t a l
100-Mesh carborundum powder, supplied by the Carborundum Co., Ltd., was cleaned as 
described by Elton and Mitchell (loc. cit.), and freed from any fine material by washing and 
decantation. The surface area per g. (1-01 x  103 cm.2) was determined, and the electrolytes 
used were purified, by the methods of Dulin and Elton ( / .,  1952, 286). Conductivity water 
was prepared by the ion-exchange method; its conductivity was usually 0-2— 0-3 gemmho, 
and was always less than 0-5 gemmho. Benton and Elton ( / .,  1953, 2096) have shown that 
water so prepared is suitable for use in electrokinetic experiments.
Apparatus and experimental technique were as described by Benton and Elton (Trans. 
Faraday Soc., loc. cit.). Addition of carborundum to water was found to produce a rise in 
conductivity, proportional to the area/volume ratio (0), and equal to 2-0 X 10-9 ohm-1 cm .'1 
0-1; this was ascribed to the dissolution of a surface layer on the carborundum (cf. a similar 
effect for silica), giving colloidal particles with hydrogen gegen-ions. Blank conductivity runs 
in water previously equilibrated with a large area of carborundum showed that the conductivity 
of the dissolved material was additive to 'that of dissolved acids and salts, but was largely 
suppressed by dissolved alkali.
All experiments were carried out at 25-00° T  0-01°.
B a t t e r s e a  P o l y t e c h n i c , L o n d o n , S .W .ll. [Received, October 2\st, 1953.]
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656. A dsorption from  B in ary Solutions of Completely M iscible 
Liquids. P art I , Calculation of Surface Mole-fraction Isotherms.
• B y  G. A. H. E lt o n .
I t  is shown th a t for adsorption b y  a solid from a solution  of tw o com ­
p lete ly  m iscible liquids, individual adsorption isotherm s for the tw o com ­
ponents can be calculated  from  isotherm s of apparent adsorption (concen­
tration  change), provided th a t allowance is m ade for the fact th a t adsorption  
of one com ponent m ust alw ays be accom panied b y  desorption of the other.
T he m ethod is applied to  Innes and R ow ley’s data on adsorption from  
m ethanol-carbon tetrachloride m ixtures b y  charcoal, giving results in . 
reasonably good agreem ent w ith  those previously obtained b y  therm o­
dynam ic calculations based on vapour adsorptions.
W h e n  a binary solution  is shaken w ith  a solid  adsorbent, one of the com ponents m ay be 
preferentially adsorbed, bringing about a decrease in  th e  m ole-fraction of th is com ponent in  
th e solution. For a solution com prising tw o com pletely  m iscible liquids, A  and B , experim ents
F i g . 2 .
Apparent adsorption of carbon tetrachloride (B) from 
methanol by charcoal (Innes and Rowley).
F i g . 1 .
Apparent adsorption of benzene (B) from ethyl 
carbonate by charcoal (Bartell and Sloan).
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of th is kind can be carried out over th e  com plete m ole-fraction range. I f  com ponent B  is 
preferentially adsorbed, th e  excess of B  present in th e  surface layer is usually  calculated  as 
— (nA +  nB)AxB (see, e.g., B artell and Sloan, J . Amer. Chem. Soc., 1929, 51, 1643), where « A, 
nB are the to ta l num ber of m oles of A and B , respectively, in the system , and AxB is the increase 
of m ole-fraction of B  in  th e solution. W hen — (nA +  nB)AxB is p lo tted  as a  function of xB, 
isotherm s of tw o typ es m ay be obtained, as shown in F igs. 1 and 2. In  each case th e adsorption  
is zero a t th e  tw o  extrem es of m ole-fraction, as is to  be expected , b u t zero adsorption is som e­
tim es also found a t an interm ediate m ole-fraction, where the adsorption changes sign.
In  order to  interpret isotherm s of th e  tw o  kinds, i t  has been suggested (see, e.g., B artell 
and Sloan, loc. cit.', Ostw ald and de Izaguirre, Kolloid-Z., 1922, 30, 279; K ipling, Quart.
Reviews, 1951, V, 60) th a t sim ultaneous adsorption of both  com ponents occurs, the adsorption  
of each com ponent follow ing independently a Freundlich- or Langm uir-type isotherm  of th e  
ty p e  encountered in gas adsorption. D epending on the relative m agnitudes of th e adsorption  
of the tw o com ponents, th e  n et apparent adsorption of one of them , as measured b y  the con­
centration change, could be positive, negative, or zero. B y  using suitable em pirical constants  
in tw o sim ultaneous Freundlich isotherm s, experim ental curves of b oth  typ es can be reproduced  
(K ipling, loc. cit.).
Various objections to  th is m ethod can be made. A dsorption from th e liquid phase differs 
greatly  from  adsorption from  th e gas phase in th at in th e  former case the solid is alw ays covered  
w ith  a layer of m olecules of A and B , even  in the absence of adsorption. One or more of these  
layers m ay be firm ly bound to  the adsorbent b y  a m olecular force field, giving a surface zone  
in  w hich the m ole-fraction m ay differ from the bulk m ole-fraction. I f  the zone is of constant 
th ickness, extra m olecules of B  can be incorporated in to  it  on ly  a t the expense of displacing  
som e m olecules of A , and the adsorption of A  can only be independent of the adsorption of B  
if  the surface zone is of contin ually  varying thickness, w hich is n o t generally considered to  be  
the case. In  fact m ost available evidence indicates th a t such surface zones are of unim olecular  
thickness, excep t where the preferentially adsorbed com ponent is of low  so lub ility  in the second  
com ponent (M cBain and Swain, Proc. Roy. Soc., 1936, A , 154, 608; Guggenheim  and Adam , 
ibid., 1933, A , 139, 218; H ansen, Fu, and B artell, J . Physical Chem., 1949, 53, 769; Fu and  
B artell, ibid., 1950, 54, 537). H ence the decrease in  m ole-fraction of the preferentially  
adsorbed com ponent is due to  tw o factors : first, the decrease in  th e num ber of its  m olecules  
present in  th e  bulk  solution, and secondly, the increase in th e  num ber of m olecules of th e  second  
com ponent in  the bulk  solution.
In  m any practical adsorption experim ents, the change in  concentration produced b y  th e  
adsorption is of principal im portance, b u t from a theoretical p o in t of view , a know ledge of the  
actual com position  of th e  adsorbed layer is desirable, in  order th a t th e  forces producing th e  
adsorption, and th e  relative a ttraction  of the adsorbent for the tw o com ponents, can be  
assessed.
For a unim olecular surface layer, w e have
+  wb«b = A •     • (1)
where nA, nB are the num ber of m oles of com ponents A  and B  respectively  in  the surface layer, 
aA and aB the corresponding effective areas occupied per m ole, and A  is th e  area of adsorbent 
available. In  a solu tion  contain ing in all nA m oles of A and nB m oles of B , the surface layer  
would, in  th e  absence of adsorption, contain  knA and knB m oles respectively  where
k{nAaA +  nBaB) =  A  . ...... ...........................................(2)
In  a sim ilar solution  where the surface layer contains an excess S m oles of com ponent B , there
w ill be a deficiency 8aB/aA m oles of com ponent A  in  the layer, these having been displaced b y  
th e  excess of com ponent B. Thus equation (1) becom es
(knA — 8aB/aA) +  (knB -j- 8) =  A . . . . . . . (3)
H ence from  an in itia l m ole-fraction
*b =  nB l{nA +  nB) ........................................................ (4)
an equilibrium  m ole-fraction xB in th e  b u lk  solu tion  is obtained where
nB — nB
*B _  {nA +  nB) — «  +  nsB) ’ ' ' ' ' ’ ^
Then, from  equations (1) and (5)
qAK ( l  -  k) -  3}
B «a(^a +  «u )(l — k) +  S(aB — aA)
I f  the m ole-fraction of the solution  is m easured before and after adsorption, w e obtain
\ x =  * _  *0  = __________ ' - 8 ( n AaA +  nBaB)______________
B B B (»a +  nB){aA{nA +  «j,)(l ~  k) +  &(«b — «a)} ‘ ’ :
w hence S = -  +  " - W  ~  *>A* -......... .........................................{8)
« A « A  +  —  « A ) ( » A  i f  % )
II f m
T herefore n% == knB +  8
A nB +  (nA +  nB)AxB{A — aA(nA +  nB)} 
«a«a +  »b«b +  AxB{aB — aA)(wA +  Wb) • (9 )
H ence th e m ole-fraction of com ponent B  in  the surface layer is given by
xB — nBj{nsA -\- wB)
_  A xB — aA{nA +  nB)AxB
( 10)
A  +  {nA +  nB)[aB — aA) AxB 
T he surface m ole-fraction of com ponent A  m ay then  be obtained from
* 1  =  1 -  xsB ............................ ( 11 )
E quations (10) and (11) render possible the calculation of the individual surface m ole- 
fractions corresponding to  any given  bulk  m ole-fractions, provided th a t the surface area of 
th e  adsorbent and the effective areas occupied .by th e  tw o adsorbed com ponents are known. 
H ow ever, th e  surface area of th e  adsorbent has n ot generally been given in published work on 
th is subject {e.g., B artell and Sloan, loc. cit.), and as is seen from equation (10), th e shape of 
th e  surface m ole-fraction isotherm  w ill depend m arkedly on the value of A . U rbanic and  
D am erell {J. Physical Chem., 1941, 45, 1245) studied adsorption of iodine from carbon tetra ­
chloride on glass spheres of know n surface area, b u t on ly  three points, all in d ilute solution, 
were obtained, n ot sufficient for th e calculation  of an isotherm . Further work of th is kind, 
over a larger range of concentration, w ould be of value, b u t the difficulty lies in  obtain ing a  
sufficiently large surface area of spherical particles to  produce m easurable concentration changes 
in  concentrated solutions. On the other hand, som e adsorbents w hich are of high surface area, 
such as silica gel,'m ay produce other com plications, due to  the occurrence of absorption of one 
or b oth  of th e  com ponents in to  the interior of the adsorbent.
Innes and R ow ley {ibid., 1947, 51, 1172) have evaluated  individual surface m ole-fraction  
isotherm s for the system  m ethanol (A )-carbon tetrachloride (B )-charcoal by m eans of a therm o­
dynam ic calculation  based on m easurem ents of adsorption both  from binary solution  and from  
th e  m ixed vapours {ibid., p. 1154). I t  had previously been shown {idem, ibid., 1945, 49, 411) 
th a t the am ounts of the tw o com ponents present in the surface layer were related to  the surface 
pressure, or spreading pressure in  th e  layer, b y  th e approxim ate expression
where F  is the spreading pressure, pB the chem ical p otentia l of com ponent B  in the solution , 
and x \, xB th e  m ole-fractions of com ponents A  and B, respectively, in the solution. For any  
given solution (the partia l pressures of the com ponents being p A and p B), the spreading pressure 
F  is g iven  b y  th e  equation •
The integrals were evaluated  from th e areas under graphs of nA against In p A and nB against 
1 n p B, such graphs being obtained from the data on the adsorption from the vapours. The 
chem ical p oten tia l of B  as a function  of its  m ole-fraction in the solution was determ ined from  
m easurem ents of its  partial vapour pressure in solutions of various m ole-fractions. The values 
of {dF/dy.B)T, nA, and nB corresponding to  a num ber of values of xB were then  read off from  
sm oothed curves, and used to  calculate th e corresponding xB values from equation (1 2 ). T he  
isotherm  of apparent adsorption from solution is shown in Fig. 2, and the calculated  surface 
m ole-fraction isotherm  for com ponent B  (carbon tetrachloride) as the dotted  line in F ig. 3.
On th e  other hand, w hen equation (10) is applied to  the d ata  shown in F ig. 2, the only  
other data  required apart from  the m ole-fraction changes produced b y  adsorption are th e  
effective areas per m ole occupied b y  A and B  in th e surface layer, taken b y  Innes and R ow ley  
as 7 ‘66 x  108 cm .2/m ole and 17‘85 x  108 cm .2/m ole, respectively, and the surface area, obtained  
from the lim iting  vapour adsorption as 8 '3 x  106 cm .2/g. These values being used, th e isotherm  
of surface m ole-fraction of B  indicated b y  the points and the full line in F ig. 3 is obtained  
directly. T he higher degree of scatter shown in the original experim ental results (Fig. 2) is 
due to  the fact th a t th e  ratio (nA +;• nB) /m  was allowed to  vary in a random  manner, a fact 
w hich is allowed for in equation (1 0 ), b u t n ot in calculating the adsorption as — {nA +  nB)AxBjm.
( 12)
FA /R T  — wAd In p A - f  wBd In p B . • (13)
\
\
T he isotherm  of surface m ole-fraction so obtained is seen to  be in  reasonable agreem ent w ith  
th a t of Innes and R ow ley, th e  large and varied num ber of data used in  th e  la tters’ calculations 
being borne in mind. Innes and R ow ley sta ted  th a t their .results could only be considered  
as sem iquantitative, b u t i t  is seen from  Fig. 3 th a t th e  shapes of th e  isotherm s calculated  b y  
th e  tw o different m ethods are very  sim ilar. T he use of equation (10) in calculating surface 
m ole-fraction isotherm s seem s m uch to  be preferred in  v iew  of th e  sm aller am ount of labour
F ig . 3.
Surface mole-fraction of carbon tetrachloride (B) in experiments of Innes and Rowley.
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O O Calculated for each point from equation (NS).
--------------- Smoothed curve obtained by Innes and Rowley using vapour adsorption data.
in v o lv ed , and th e  greater probable accuracy. I t  is of lim ited  application a t present, since, 
as previously  m entioned, sufficient data  are rarely available.
I t  m ay be sta ted  th a t, in  general, isotherm s of apparent adsorption of th e  ty p e  show n in  
Fig. 2, w ill correspond to  surface-m ole-fraction isotherm s w hich, as show n in  F ig. 3, cu t th e  
line xB =  xB a t  th e  m ole-fraction corresponding to  zero adsorption. T he ty p e  shown in  F ig. 1, 
w ill lead  to  a surface m ole fraction isotherm  w hich  does n o t cu t th e  line xB — xs , since xB~>xB 
a t  all m ole-fractions other than  zero and un ity . A dsorption of th is kind is obtained w hen the  
adsorb en t has a m arked “ preference ” for one of th e  com ponents of th e  solution  (see, e.g. 
K ip lin g, loc. cit.).
B a t t e r se a  P o l y t e c h n ic , S .W .l l .  [Received, June 21th, 1951.]
P r i n t e d  i n  G r e a t  B r i t a in  b y  R ic h a r d  C l a y  a n d  C o m p a n y ,  L t d . ,
B u n g a y ,  S u f f o l k .
i Preprinted from the Journal of the Chemical Society
May 1952, (364), pages 1955—1956.
  C- . f t -H.  fet-TbN' O U i .
364. A dsorption  from  B inary Solutions of Completely M iscible Liquids. 
P art I I  * Thermodynam ic Requirement for Complete Preferential 
Adsorption.
B y  G. A . H . E lt o n .
The various types of isotherms obtained experimentally for adsorption from a binary 
solution of two completely miscible liquids A and B were discussed in Part I,* where it 
was shown that, from measurements of concentration change brought about by adsorption, 
the mole-fraction of each component in the adsorbed surface layer could be calculated by 
using the expressions
4 _  A(xB +  Axb) — aA(nA +  nB)AxB 
B A +  (nA +  Wb)(«b — aP)AxB
xAs = 1 — xBs • • • • . . .  . . (2)
where xAs, xBs are the surface mole-fractions of A and B respectively, xB the equilibrium 
bulk mole-fraction of B, AxB the? change in bulk mole-fraction produced by adsorption, 
aA, aB the effective areas per mole in  the surface layer, nA, nB the number of moles of each 
component in the whole system, and A the surface area of the adsorbent. If the surface 
mole-fraction of one component is found to exceed its bulk mole-fraction over the whole 
range between zero and unity, we may say that it is “ completely preferred” by 
the adsorbent. Failing this, the graph of xBs against xB will cut the line xBs =  xB at 
some point intermediate between zero and unity : the “ net adsorption ” of B changes
sign at this point.
It is of interest to examine the thermodynamic requirements for the existence of each 
of these cases. For equilibrium between the adsorbed layer and solution in a given solid- 
solution system, we have the following general relations between the activities aA, aB, in 
the solution, and aAs, aBs in the adsorbed layer :
aAs/aA =  exp {[(^a)0 — (9a*)0]/RT}  (3)
« b */«b =  exp { [(hb)0 — {m%VR T } ........................
where (|aa)0, (^b)o are the chemical potentials of A and B in arbitrarily defined standard 
states in the solution, and (^a5)o> (pbs)o are the corresponding chemical potentials in suitable 
standard states in the surface layer. Convenient standard states which we will take are
(i) for ([xa)0 and ([xB)0, infinite dilution for the appropriate component in the bulk solution, 
and (ii) for (^a*)0 and [y.Bs)o, infinite dilution for the appropriate component in the surface 
layer. The quantities [(^a)o — (9as)0] an(i [(p b )0 — (lV)o] maY he conveniently termed the 
“ adsorption potentials ” of A and B. By analogy with the work of Fu, Hansen, and 
Bartell (J. Physical Chem., 1948, 52, 374) we may write, in the limit as xA tends to zero, 
(xAs/xA)0 =  (aA /aA)0, and as xB tends to zero, (xBs/xB)o — (<*bs/«b)o- For complete 
preferential adsorption of one component, the adsorption potentials must, in order to 
produce a graph of xBs against xB of the appropriate shape, be opposite in sign, whilst in all 
other cases they will be of similar sign. Inserting these requirements in equations (3) and 
(4), we reach the conclusion that if both components have positive adsorption potentials, 
no preferential adsorption can occur. Since, from kinetic considerations, negative values 
of the adsorption potential are not very likely, it is to be expected that cases of complete 
preferential adsorption will be rarely found. This seems in practice to be the case (see, 
e.g., Bartell and Sloan, J. Amer. Chem. Soc., 1929, 51, 1643).
From the example of the calculation of a surface mole-fraction isotherm by use of 
equation (1), given in Part I {loc. cit.), we may obtain approximate values of the adsorption 
potentials of the two components on charcoal from the limiting slopes of the surface mole- 
fraction isotherms. The values obtained are 1-0 kcal. for methanol, and 1*1 kcal. for 
carbon tetrachloride.
B a t t e r s e a  P o l y t e c h n i c ,  S .W .l l .  [Received, J a n u a r y  14th, 1952.]
* Part I, / . ,  1951, 2958.
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173. Calculated Surface Tensions of Some Organic Substances in  
the Solid State.
By J. W. Mitchell and G. A. H. Elton.
The applicability  of the contact-angle m ethod for the estim ation of 
surface tensions of solids is discussed. V alues for the surface tensions of 
four solid organic substances near their m elting points are calculated from  
contact-angle data, and found to  be slightly  lower than those of the corre­
sponding liquids.
When a drop of liquid is placed on a smooth solid surface, it may exhibit a 
variety of contact angles, depending on, inter alia, whether the liquid is advancing or 
receding over the surface, and whether or not the liquid and the solid phase are mutually 
saturated. In the system liquid-solid-air, when all phases are in equilibrium (i.e., 
mutual saturation, adsorption, etc., have occurred) an equilibrium contact angle 6b will 
be obtained, given by
COS 0 E  =  (y S A  — 7Ls)/yLA - • • • ■ • - - ( 1 )
where ysA is the equilibrium free-surface energy (surface tension) of the solid-air interface, 
and yLs and yi,A are the corresponding values for the liquid-solid and liquid-air interfaces. 
I t  is not possible to use equation (1) to predict the value of 0b in a given system, since no 
Reliable method exists for determining either ysA or ysn- I t has, however, been suggested 
by Loman and Zwikker (Physica, 1934, 1, 1181), and more recently by Elton (J. Chem. 
Physics, 1951, 19, 1066), that measurements of contact angles might lead to information 
concerning ysA and ysL.
I t has been found that for two mutually saturated liquids an empirical rule due to 
Antonoff (J. Chim. 'physique, 1907, 5, 372) often holds, viz., that the interfacial tension 
between two immiscible phases is equal to the difference between the individual surface 
tensions of the (saturated) phases. There is, unfortunately, no theoretical basis for this 
rule at present, but it is true for the large majority of liquid pairs. If this rule is assumed 
to hold at a liquid-solid interface we obtain the equation, for mutual saturation of all 
phases,
ysL = |ysA — yLA! (2)
From (1) and (2) if ySA >  yna we obtain
COS 0E =  I ............................................................................  (3)
the case corresponding to complete wetting of the solid by the liquid; and for yLA >  ysA 
we obtain .
ysA =  yLA(l +  cos 0e) / 2 ......................................................... (4)
By this equation a value for the surface tension at , the solid-air interface can be 
calculated. Loman and Zwikker (loc. cit.) determined the contact angles of water and 
mercury drops on various polished geological specimens, and obtained in each case agree­
ment to about 5% between the values of ysa for a given specimen, using the two reference 
liquids. Elton (loc. cit.) calculated values for the surface tension of (saturated) paraffin 
wax from contact angles of glycerol, glycol, and water, obtaining values in close agreement 
with each other, and of about the same magnitude as those for other long-chain hydro­
carbons in the liquid state, the agreement presumably indicating that saturation with the 
different liquids produces little change in the solid-air tension. Fox and Zisman 
(J. Colloid Sci., 1952, 7, 109) determined contact angles of a large number of liquids against 
solid polytetrafluoroethylene, but the calculated values of ysA varied widely. No evidence 
■yvas given, however, that mutual saturation was ensured in this case, although, even if 
this were so, the variation might be real, owing to alteration of the surface tension of the 
solid on saturation with the various liquids. Furthermore, deviations from AntonofTs 
rule might be occurring.
The investigation reported here was designed to attempt to clarify the situation 
concerning the applicability of equation (4) in various ways.
(a) Use of Antonoff’s rule. Various organic solids were used, with water as the 
reference liquid. All the solids had low melting points, and their surface tensions, and 
interfacial tensions against water (mutually saturated in each case), were determined just 
above the melting points, in order to check that Antonoff’s rule applied for the liquid- 
liquid-air system. The substances chosen for study, viz., w-hexadecane, w-octadecane, 
diphenyl ether, and acetophenone, had convenient m. p.s (15—30°) and fairly low mutual 
solubility with water, and were regarded as unlikely to undergo the kind of interaction 
with water which leads to deviation from Antonoff’s rule {e.g., substances containing 
hydroxyl groups, or substances which tend to hydrolyse—acids, esters, carbon disulphide, 
methylene iodide, etc.—tend to deviate from Antonoff’s rule with water). As seen from 
the agreement between the last two columns in Table 1, Antonoff’s rule was obeyed in
T a b l e  1 .
System Temp
C0M ePh-H20  ............. ...........  25°
Ph20 -H 20  .................................  30
C18H38-H 20  .............................  30
C16H34-H 20  .............................  25
each case. I t  was very difficult to remove small traces of heptadecanol from the octa- 
decane used in these experiments, and the results quoted for this substance must be 
accepted with some reserve. In particular, yWA in this case is lower than might be expected 
if the hydrocarbon were completely pure. However, the results are of interest in showing 
the relation between the surface tension of this substance in the liquid form and the 
calculated value for the solid, and are therefore included.
(b) Mutual saturation. Very careful precautions to ensure mutual saturation were 
taken (see Experimental section).
(c) Value of the surface tension. Measurements of the surface and interfacial tensions 
of the liquid-liquid-air system were made at three temperatures just above the m. p. of 
the organic substance, to enable extrapolation of its surface tension in the liquid form to 
a temperature just below the m. p. at which ySA was calculated from contact-angle 
measurements. This enabled comparison of the calculated surface tension of the solid 
with the surface tension of the liquid at the same temperature.
(d) Preliminary check by use of liquid-liquid-air systems. As a check on the calculation 
of an unknown surface tension from known tensions and measured contact angles, some 
measurements were made in liquid-liquid-air systems, where all the surface and inter­
facial tensions are directly measurable. The systems diphenyl ether-water-air and 
acetophenone-water-air were studied by a method in which a free air bubble at a liquid- 
liquid interface is observed. The mutually saturated liquids (saturated also with respect 
to air) were placed together in a square-section optical glass cell in the thermostat, and an 
air bubble released in the (lower) organic layer. This rose to the interface and was held 
there, and when equilibrium was reached, after several hours, the bubble was of shape 
shown in Fig. 1. By the usual method we obtain
ywo cos 6X -{- yoA cos 6S — ywA cos 02
Hence, if the surface tensions y0A and ywa are known, and 0!, 02, 03, are determined from a 
photograph of the bubble, a value for the interfacial tension ywo can be obtained and 
compared with the measured value. As seen from Table 2, which gives typical results 
for several bubbles, calculated and measured values of yWo were in good agreement,’ 
indicating that the method of calculation from contact angles is certainly valid for a 
liquid-liquid-air interface.
The results for contact angles and the calculated surface tensions of the various 
saturated solids at temperatures just below their m. p.s are given in Table 3, all tensions 
being in dynes/cm., and these are shown in relation to the surface tensions of the 
corresponding saturated liquids in Fig. 2. The general form of the surface tension- 
temperature graph is the same for all four substances. In each case the surface tension 
of the solid, at or near its m. p., as calculated from equation (4), is found to be 2—•
yoA ywA ywA — yoA ywo
36-1 49-9 13-8 13-8
38-1 69-4 31-3 31-2
26-6 63 0 36-4 36-4
28-1 69-0 40-9 40-6
3 dynes/cm. lower than the corresponding liquid tension. The loss in surface energy is 
presumably part of the general loss in energy occurring on solidification.
T a b l e  2 .
ywo ywo
System Temp. ywA yoA h 02 h Calc. Found
C0MePh-H20  ... 25° • 49-9 36-1 49-0 56-0 56-5 13-2 13-8
25 49-9 361 390 51-0 55-0 14-4 13-8
25 49-9 . 36-1 33-0 41-0 44-0 13-9 13-8
Ph20 -H ,0  ........... 30 69-4 38-1 25-0 49-5 65-5 31-3 31-2
30 69-4 38-1 52-0 85-5 110-0 31-0 31-2
T a b l e  3.
ysA
0J5 yLA
ysA
System Temp. 0 J E 7la (calc.) System Temp. Calc.
COMePh (S)-H20  (L) 16° 64-5 51-0 36-4 1^8-^ 38 (S)-H20  (L) 26° 105-0 65-0 24-0
Ph20  (S)-H20  (L)... 26 88-5 71-1 36-5 c16h 34 (S)-H20  (L) 16 106-0 70-5 25-5
F i g . 2 .
F i g . 1 .
W ater
Air
Organic
Liquid
Acetophenone Diphenyl ether
140
34
Octadecane Hexadecane
27
20° 24°
TemperatureTemperature
These results indicate that, provided proper attention be paid to the attainment of 
mutual saturation, and to ensuring that the system is one likely to obey Antonoff s rule, 
reasonable results for the surface tension of an air-solid interface may be obtained. A 
check on the numerical values of the results obtained must await the formulation of an 
independent method of determining such tensions, but it is submitted that results of the 
kind presented here will give at least a rough guide to the magnitude of the surface tensions 
of low-energy solids of the kind studied.
Solids with high surface tensions (metals, ionic crystals, etc.) will present difficulties, 
however, since in order for a liquid to show a non-zero contact angle,it must have a surface 
tension greater than that of the solid. Few liquids of very high surface tension are 
available, except mercury, which is very difficult to obtain surface pure and may show 
differences in surface tension for different degrees of contamination. Furthermore, no 
advantage is obtained by replacing the air with another liquid and measuring angles in a 
liquid-liquid-solid system, since a calculation similar to that given above shows that in
order to obtain a non-zero angle in such a system, the surface tension of the solid must be 
between those of the two liquids, so it is again necessary to find one liquid with a surface 
tension higher than that of the solid.
E x p e r im e n t a l
Materials.— w-Hexadecane and w-octadecane were sam ples k indly  supplied b y  Messrs. 
Shell Mex and B .P . L td ., and were purified b y  m echanically stirring them  at 2° above their  
m . p .s w ith  several changes of concentrated sulphuric acid u ntil no further darkening of the  
la tter occurred. (The octadecane, w hich contained a little  heptadecanol, required 30 hours’ 
stirring, w ith  frequent changes.) T hey were w ashed several tim es w ith  dilute sodium  carbonate 
solution, follow ed b y  d istilled water, dried (CaCl2), filtered, and fractionally frozen eight tim es, 
som e 10% being poured off each tim e. The resulting colourless crystalline solids had m. p .s : 
hexadecane 17-9°, octadecane 28*1°.
D iphenyl ether was a  pure sam ple, m anufactured b y  Messrs. L. L ight and Co. ; it  
was distilled, and the m iddle fraction fractionally frozen as described above; m. p. 28-0°. 
A cetophenone was purified in the sam e manner and had m. p. 17-9°.
T ap-w ater was found to  be preferable to  d istilled w ater ow ing to  its freedom  from grease, 
and w as used throughout.
Temperature Control.— In all the experim ents described below, ranging from 15° to  40°, a  
w ater therm ostat giving control to  iO -O l0 w as used. The w hole therm ostat was m ounted on an  
anti-vibration platform , since the drops and bubbles used in the surface-tension and contact- 
angle experim ents were very  sensitive to  vibration.
Surface Tensions and Interfacial Tensions of the Liquids.— The pendant-drop m ethod  
(Andreas, Hauser, and Tucker, J . Phys. Chem., 1938, 42, 1001) was used. The organic liquid  
w as vigorously stirred m echanically w ith  w ater for 1 0  hours in  the therm ostat a t the  
tem perature of m easurem ent. W hen the tw o liquids were m utually saturated, a  sam ple of 
either could be blow n over, via  all-glass connections, into a drop-forming p ipette, suspended  
in  a square-section optical glass cell in  the therm ostat. The air in the cell w as kept saturated  
w ith  respect to  both liquids b y  th e  presence of saturated liquid in  the cell. The profiles of th e  
drops so form ed were photographed w ith  a L eitz “ Makam 1 ” camera on a m icroscope fitted  
w ith  a 4" objective. The therm ostat stirrer was sw itched off for a few  m om ents w hile the  
exposure was m ade to  elim inate vibration. M easurem ents were m ade on th e photographs 
o f (1) D e, the diam eter of the drop a t its greatest w idth, (2) Ds, the diam eter a t a distance  
equal to  D e above the base of the drop. T he surface tension of the drop-forming liquid was 
then  calculated from the equation y  =  g p Df / H,  where g  is the gravitational constant, p th e  
excess density  of th e  liquid, and H  is a function of T>s(De g iven  in tabular form  b y  Fordham  
(Proc. Roy. Soc., 1948, A , 194, 1).
Contact-angle Determinations.— The solid organic surfaces were prepared b y  solidification  
o f th e  liquid saturated w ith  water. Solidification in air gave a  crystalline surface too  rough  
to  give reproducible results. For th is reason the organic substance was solidified betw een tw o  
cylindrically curved pieces o f glass. T he glass attached to  the concave face o f the solid w as 
carefully rem oved and the surface polished w ith  clean strips of paper (see M acD ougall and  
Ockrent, ibid., 1942, A , 180, 151) until m icroscopic exam ination  show ed a sm ooth  surface. 
T he solid, still attached to  the other piece o f glass, was placed concave side downwards in  the  
cell, w ith  its axis in  line w ith  th a t of the m icroscope, and covered w ith  w ater saturated w ith  th e  
organic substance. A n air bubble w as then  placed on the solid, allowed to  com e to  equilibrium , 
and photographed, th e  angle of con tact being d irectly  m easured on an enlarged photograph. 
W ith  experim ents carried out in  th is w ay the angle obtained w as found to  be independent of 
th e  size of the bubble (sizes used, 0-05— 0-3 cm.) provided it  w as allowed to  com e to  equilibrium, 
indicating th a t the angle obtained was a true equilibrium  one. The m ethod o f placing an air 
bubble under the p late w as preferred to  placing a liquid drop on th e p late in  air, ow ing to  th e  
sm aller risk of contam ination. The measured angles were reproducible to  about ± 0 -5 ° ;  the  
values given in  Table 3 are th e  m eans of a large num ber of determ inations.
Cleaning of Apparatus.— A ll glass apparatus w as thoroughly cleaned in  a lcohol-n itric acid, 
w ashed m any tim es in  distilled water, and dried in an electric oven  before use.
B a t t e r s e a  P o l y t e c h n i c , S .W .ll. . [Received, June 25th, 1952.]
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B u n g a y , S u f f o l k .
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(Reprinted from N ature, Vol. 161, page 847, May 29, 1918.)
Xheory of the Streaming Potential
B o o t h 1 has recently pointed  out th e  unsatisfactory  
nature o f th e  ex istin g  theory o f electrokinetics, and  
suggested m odifications to  th e com m only used equa­
tions o f H elm holtz2 and Sm oluchowski3, w ith  p art­
icular reference to  the phenom enon o f electrophoresis.
I  have devoted  som e a tten tion  to  the theory o f the  
stream ing p oten tia l difference set up in  the plane o f  
flow w hen an electrical double layer, ex istin g  a t an 
im m obile interface in  an ionic liquid, is sheared. 
T his poten tia l difference w ill tend to  resist the flow  
o f the liquid owing to  th e  electrical retarding force 
actin g  on the ions o f the double layer. I t  has been  
show n4*5 th a t in  narrow channels th is electrical resist­
ance to flow, or ‘electroviscous resistance’, can assum e 
considerable' im portance, w ith  th e  result th a t th e  
apparent v iscosity  , o f a  liquid in such channels m ay  
■' be increased several fold, depending on the values 
o f the electrokinetic poten tia l o f the double layer, 
th e specific con d u ctiv ity  o f  th e  liquid in  the channel, 
and the dielectric constant. Various workers6-8 have  
reported the qualitative observation o f such' an ■ 
effect, and a quantitative experim ental exam ination  
o f the subject has been com m enced in  th is laboratory.
In  v iew  o f th is apparent increase in  v iscosity  in  
narrow channels, i t  is to  be expected  th a t zeta- 
p oten tia ls calculated from  m easurem ents m ade in  
diaphragm s o f very sm all particle size w ill lead to  
anom alously low  results i f  the usual H elm holtz -  
Sm oluchowski equation  is used. The results o f B ull 
and Gortner9 and others10-12 have been explained on  
th is basis4'5.
The results o f th is analysis are o f im portance when  
applied to  the theories o f surface con d u ctiv ity  and o f  
lyophobic colloid stab ility , and offer an explanation  
o f certain anom alous results obtained b y  workers13-15 
' x who attem p ted  to m easure equilibrium  distances o f  
separation betw een surfaces im m ersed in  ionic liquids.
v G. A. H . E l t o n
C hem istry D epartm ent,
B attersea P olytechnic,
London, S .W .ll .
F eb. 4.
1 Booth, Nature, 161, 83 (1948).
2 Helmholtz, Ann. der Phys., 7, 337 (1879). \
3 Smoluchowski, “Graetz Handbuch der Elcktrioitat und des
Maguetismus” , 2, 374 (1921).
*■' Elton, Proc. Roy. Soc. (in the press).
• Terzaghi, J. Rheology, 2, 253 (1931). '
7 Macauley, Nature, 138, 587 (1936).
8 Reekie and Aird, Nature, 156, 367 (1945).
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10 White, Urban and Krick, J. Phys. Chem., 36, 120 (1932).
11 Bishop, Urban and W hite, J. Phys. Chem., 35, 137 (1931).
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— Microspheres of Organic Substances
S p h e r i c a l  particles o f  glass ranging in  diam eter 
from about one m icron upwards, w hich can be pre­
pared b y  th e  m ethod o f B loom quist and Clark1, have  
found a w ide range o f usefulness, for exam ple, as 
adsorbents o f known surface area2, as m aterial for 
the stu d y  o f  ‘flu idization5 o f  beds o f particles3, and  
in  eleetrokinetic m easurem ents on cataphoresis and 
sedim entation ve loc ity4'6. F or m any such experi­
m ents, particularly th e eleetrokinetic ones, it  w ould  
be desirable to  be able to  use microspheres o f  sub­
stances other than  glass. I  h ave found th a t it  is  
possible to  obtain m any organic com pounds in  micro- 
spherical form, provided th a t th ey  m elt below 100° C., 
and are more or less insoluble in  w ater. The sub­
stance to  be used is m echanically stirred a t a  very  
high rate w ith  th irty  to  forty  tim es its  w eight o f  
w ater, a t a tem perature 10-15° above th e  m elting  
p oint o f th e  substance, thus producing an unstable  
em ulsion o f  liquid drops in  w ater. This is  then  run 
rapidly into a large excess o f cold w ater, producing  
solid  spherical particles o f the substance. Some 
degree o f control over the size o f  particle obtained oan 
be ex erc ised . b y  m odifying th e rate and tim e o f  
stirring. In  th is w ay, microspheres o f  naphthalene,' 
octadecane, to-dinitrobenzene, cety l alcohol, stearin, 
stearic acid, and several other organic com pounds 
have been prepared. These particles are used in  
th e  stu d y  o f  the eleetrokinetic properties o f organic 
com pounds b y  th e m ethod o f electroviscous 
sedimentation*.
M ost o f these particles keep indefin itely under 
w ater, b ut i f  allow ed to  dry off, som e o f th e  softer 
ones ten d  to  lose their shape. Som e aggregation m ay  
also occur on drying, and th e  particles are then  
difficult to  redisperse, so th a t it  is advisable to  store 
them  under w ater so far as possible.
I t  should prove feasible to  apply  th is m ethod to  
low -m elting inorganic substances, using non-aqueous 
liquids as dispersing m edia. -
G . A . H . E l t o n
Chem istry D epartm ent,
B attersea P olytechnic, 1 ..
L ondon, S .W .ll .
A ug. 3. , ,
1 Bloomquist, C. R., and Clark, A., Indust. Eng. Chem. {Anal. Edit.), 
12, 61 (1940).
3 Urbanic, A. J., and Damerell, V. R ., J . Phys. Chem., 45, 1245 (1941). 
3 Lewis, W. K ., Gilliland, E. R ., and Bauer, W. C., Indust. Eng. Chem., 
41, 1104 (1949).
1 Hirschler, F. G., Ph.D. Thesis, University o f London (1951). 
5 Elton, G. A. H „ and Hirschler, F. G. (to be published shortly).
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COMMENTS ON THE PRECEDING NOTE BY W. B. INNES
The writer’s objection (1) to the treatm ent of Rowley and Innes (2) 
was specifically not to a discussion of “molecular dimensions in assigning 
surface phase boundaries” [which is implicit in the idea of a Gibbs dividing 
surface (3)], but rather to basing a thermodynamic treatm ent on (B.E.T.) 
molecular layers considered as separate “phases.” First, a “molecular 
layer” is an explicit molecular model and not a thermodynamic concept 
(e.g., Gibbs avoids such concrete ideas concerning molecular organiza­
tion, etc., in his treatm ent of interfacial regions). Secondly, because of the 
molecular dimensions involved and the range of intermolecular forces 
the properties of such a “phase” depend explicitly on the state of neigh­
boring “phases.” The usual criterion for equilibrium between phases 
breaks down in this case (4, 5). One has to treat the whole collection of 
“phases” as a single nonhomogeneous (on a molecular level) phase (5) 
(as Innes points out, Gibbs does not use “phase” in this way; but this is 
a m atter of semantics, not thermodynamics).
Adsorption systems are thermodynamically very similar to solution 
systems with one nonvolatile component. , The writer has shown (6) 
that, as expected, a single thermodynamic treatm ent can be given which 
includes both solution thermodynamics (sulfuric acid-water, rubber- 
benzene, hydrogen-palladium, etc.) and adsorption thermodynamics, 
and which furthermore reduces to the special case (1) of an “inert adsorb­
ent,” which is the problem Innes is concerned with. The argument (6) 
need not be repeated here. I t  shows tha t regardless of molecular details 
(swelling, heterogeneous surface, etc.), some of which seem to worry 
Innes, thermodynamics can still be applied—just as one can apply thermo­
dynamics to, say, a sulfuric acid-water system without becoming con­
cerned about the exact nature of the hydration in the neighborhood of a 
sulfate ion, etc. .
There is, however, one troublesome point [see appendix I of Ref. (6)3, 
at least in principle: the treatm ent referred to above (6) depends on being 
‘ able to define the volume of the “solution” (adsorbent plus adsorbed gas) 
with sufficient precision. If this cannot be done, the rigorous thermo­
dynamic procedure is then to regard the “solution” and the gas phase 
combined as the thermodynamic system (5,6,7). Or in some cases (e.g., 
Fig. 1 in Innes’ note) a Gibbs dividing surface may be used (5, 6 , 8 ) to 
give a rigorous treatm ent despite the “volume problem” mentioned 
above. These questions are discussed in detail elsewhere (5).
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THE SURFACE TENSION OF SOLIDS
I have suggested recently (1) tha t it may be possible to obtain some 
estimate of the surface tension of a solid from measurements of the con­
tact angles of various liquids upon it. Provided that all three phases 
(liquid, solid, and air) in a given experiment are mutually saturated, the 
empirical AntonofFs rule (2) may be used to calculate a value for the 
surface tension at the solid/air interface. If calculations are made using 
several reference liquids, the result obtained for the tension at the 
solid/air interface will only be a constant if saturation of the pure solid 
with the various liquids brings about no change (or the same change) 
in surface energy. Fox and Zisman (3) have measured contact angles of a 
number of liquids on solid polytetrafluoroethylene, and obtained values 
for y  sa varying between 18 and 30 ergs/cm.2. However, there is no evidence 
th a t in their experiments the phases were mutually saturated, although 
even if this were so, the variation in results might be real due to changes in 
composition of. the solid. Their conclusion tha t the method is invalid is 
therefore not proved.
In this laboratory, Mr. J. W. Mitchell and I have been trying to test 
the equation governing the method by measuring contact angles in various
TABLE I
Validity of Antonoff’s Rule for Some Organic Liquid/Water/Air Systems
Temp.
°C.
7oa° Twa° Twa “  Yoa Two6
Acetophenone-water 25 36.1 49.9 13.8 13.8
Diphenyl ether-water 30 38.1 69.4 31.3 31.2
w-Octadecane-water 30 26.6 63.0 36.4 36.4
n-Hexadecane-water 25 28.1 69.0 40.9 40.6
a 7 oa, 7 wa are the individual surface tensions against air of the mutually saturated 
organic liquid and water, respectively.
6 7 wo is the interfacial tension between the mutually saturated liquids. All tensions 
are in dynes/cm.
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mutually saturated organic liquid/w ater/air systems, where all the inter­
facial tensions are directly measurable. The validity of Ant on off's rule 
for some systems of this kind is demonstrated in Table I. We hope to 
publish an account of these experiments shortly.
I should like to repeat tha t this method cannot be regarded as a
reliable one until a theoretical proof or explanation of Antonoff’s rule
is forthcoming. If it does prove to be a valid method, it will only measure 
the surface tension of the solid in an equilibrium system with all three 
phases mutually saturated. Confirmation of the numerical values obtained 
will only come from comparison with those obtained from other methods 
of measurement which may be devised in the future.
R e f e r e n c e s
1 . E l t o n ,  G. A. H., J. Chem. Phys. 19, 1066 (1951).
2. A n t o n o f f , G. N., J. chim. phys. 5, 372 (1907).
3. F ox , H. W., AND Zisman, W. A., J. Colloid Sci. 7, 109 (1952).
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ADSORPTION OF SURFACE ACTIVE MATERIALS IN 
AEROSOL DROPLETS
B y G. A . H . Elton
Battersea Polytechnic, London, S .W .ll
It has been suggested recently1 that treatment of aerosol 
droplets with appropriate surface active agents may, by lowering 
the surface charge, bring about precipitation of the sol. The 
concentrations of surface active material necessary are.often 
very small,1 and an important point to consider in assessing 
the amount required to treat a given weight of droplets is that 
this amount will vary markedly with the degree of dispersion 
of the aerosol, a larger amount of surface active agent being 
required for a highly disperse sol.
If a  is the surface charge per unit area before addition of the 
surface active agent, the minimum adsorption of the active ion 
necessary to reduce the charge to zero is o /N e  equivalents per 
unit area, where N  is the Avogadro number, and e  is the elec­
tronic charge. This is for zero adsorption of the counter-ion; 
for non-zero adsorption of the counter-ion, greater adsorption 
of the active ion will be necessary. Let c0 be the concentration 
(normality) of surface active agent, measured in the bulk of the 
droplet, required to produce zero charge. Then the total 
initial concentration, cr, necessary to produce an equilibrium 
bulk concentration c0 after adsorption in a droplet of radius r  
is given, for minimum adsorption, by
, 1000 . ^nr2(a /N e) _  , 3000 cr ^
+  1^3  ; -  +  Ner • • W
As shown below, the final term in equation (1) may, for values 
of r and a obtained in practice, be large compared with c0.
To take an example, Bach and Gilman2 showed that the 
eleetrokinetic potential, £, at the water-air interface is about 
— 30 mV. The surface charge can be calculated from the 
potential by the method of Verwey and Overbeek3, 4, and is found 
to be about — 30 e.s.u./cm.2 Equation (1) then gives
cr =  c0 +  3 • 1 X io~10/r     (2)
. For a surface active agent with c0 equal to i c t 7n 1, cr is 4 • 1 x  
io~7n for droplets of radius ten microns, and 3-2 x  io~6n 
for droplets of radius one micron. Hence an amount of cationic 
surface active agent suitable for removing the charge on a given 
weight of one-micron droplets would probably produce reversal 
of charge if used to treat the same weight of ten-micron droplets, 
and might render the sol even more stable than before.
Furthermore, as aerosol droplets of a given overall concen­
tration coalesce, the bulk concentration, and hence the charge 
will alter as the area/volume ratio decreases. Small droplets 
which are uncharged owing to their content of surface active 
agent may, on coalescing, give droplets carrying a reversed charge, 
which may eventually become large enough to prevent further 
coalescence. Whether complete precipitation, or merely a 
limited increase in droplet size is obtained will be determined 
largely by the a-c relation for the particular surface active agent 
used, and this will in turn depend on the adsorption energy of 
the surface active ion.5
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Contact Angles and Surface Tensions in 
Liquid/Solid Systems
G .  A .  H .  E l t o n  
Chemistry Department, Battersea Polytechnic, London, England 
(Received May 21, 1951)
THE contact angle of a liquid against a solid can be expressed in terms of three surface tensions, using the well-known 
equation
c o s O = ( ys A —ysL) / yLA,
where ysA is the surface tension of the solid, yLA is the surface 
tension of the liquid, and y s L  is the interfacial tension at the 
solid/liquid interface. The contact angle may have various values 
in a given system depending on the degree of mutual saturation 
of liquid and solid, but should show one characteristic equilibrium 
angle corresponding to the surface tensions of the fully saturated 
phases.
In practice, contact angles cannot be predicted, as no adequate 
method exists for the measurement of either y s A  or y s l -  It is, 
however, of interest to note that for the case of two mutually 
saturated liquids, the interfacial tension may very often be ex­
pressed in terms of the individual surface tensions by the use of 
Antonoff’s rule,1 which states that the interfacial tension between 
two mutually saturated liquids is equal to the difference between 
the individual surface tensions of the saturated liquids. Experi­
mental tests2 indicate that this rule works fairly well for the 
majority of liquid pairs, although some exceptions have been 
noted.3 It may well be legitimate to assume that this rule will 
work equally well for a solid/liquid interface, in which case we 
have
ysL=\yLA—ysA\, (2)
the surface tensions here referring to mutually saturated phases. 
If we now combine Eqs. (1) and (2), we obtain, for yLA>ysA,
7<SA =  §YLa(1+COS0) (3)
or, if y\,A<ynA, .
Yz,a(1—cos0)=O, i.e., 0=0. (4)
Equation (4) leads to the conclusion that if the surface tension of 
the liquid is less than that of the solid, it will wet completely, 
while if the surface tension of the liquid is greater than that of
T a b l e  I.
Liquid Yla dynes/cm 8° (1 +COS0)
Water 72.9 105 27.0
Glycerol 63.9 98.5 27.2
Ethylene glycol 47.5 81.5 27.3
the solid, a finite angle will be obtained, from which, using Eq. 
(3), the surface tension of the solid can be calculated.
The theoretical basis of Antonoff’s rule is not sufficiently well 
understood to put this forward as yet as a reliable method of deter­
mining the surface tension of a solid, but it may be of interest to 
quote the following experimental results obtained using solid 
paraffin wax and three hydroxylic liquids, viz., water, glycerol, 
and ethylene glycol, all of which are almost insoluble in paraffin 
wax. A plate coated with the wax was immersed for some hours 
at room temperature in the liquid to be studied, in presence of 
excess wax to insure mutual saturation, and the equilibrium con­
tact angle of an air bubble placed in the liquid against the solid 
determined photographically. Surface tensions of the saturated 
liquids were determined by the pendant drop method.4 Results 
are shown in Table I.
The figures in the final column of Table I would on this argu­
ment correspond with the surface tension of the saturated solid. 
We may note that the figures agree well among themselves, and 
are of similar magnitude to the surface tensions of liquid hydro­
carbons at room temperature, e.g., benzene 28.9 dynes/cm at 
20°C, «-octone 21.8 at 20°C.5
1 G. N . Antonoff, J. chim. phys. 5, 372 (1907).
2 For example, W. C. Reynolds, J. Chem. Soc. 119, 466 (1921); Bartell, 
Case, and Brown, J. Am..Chem. Soc. 55, 2769 (1933).
3 For example, E. G. Carter and D . C. Jones, Trans. Faraday Soc. 30, 
1027 (1934).
4 Andreas, Hauser, and Tucker, J. Phys. Chem. 42, 1001 (1938) .
6 Handbook of Chemistry and Physics (Chemical Rubber Publishing Com­
pany, Cleveland, Ohio, 1950-1951), thirty-second edition.
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Note on the Rigid Multi-Layer Postulate 
of Eversole and Lahr
G. A. H. E l t o n
Physical Chemistry Laboratory, Battersea Polytechnic, London, England 
June 6 , 1946
EVERSOLE and Lahr1 have interpreted certain electro- kinetic measurements as indicating properties of rigid­
ity in part of the double layer at solid-electrolyte interfaces, 
a view held by von Buzagh2 and others. They have used1 
published zeta-potential figures to deduce and thicknesses 
of from 3A to 63A for the rigid layer in aqueous salt solu­
tions, values which could be accommodated by classical 
double layer theory, although Bikerman3 is of the opinion 
that any rigid layer is caused by the inherent roughness 
of all solid surfaces. In a later experimental paper,4 Ever­
sole and Lahr produce evidence which, it is claimed, 
substantiates the previous calculations and indicates a 
rigid layer of thickness about 100A for water against 
quartz.
In the experiments of Eversole and Lahr the “distance 
of separation,” 4air, between a quartz lens and plate 
placed together in air was determined interferometrically. 
Water was then condensed between the lens and plate 
and the new “distance of separation,” Jwater, determined. 
Negative values both for eair and 4water were obtained, 
but it was assumed that the subtraction of eair from *water 
eliminated the error to. which the negative values were due, 
and gave the thickness of the rigid layer. The validity of 
this assumption is to be questioned, in view of the very 
large variations in the individual values of *air and \vater. 
The results obtained by Eversole and Lahr (five in num­
ber) are given in Table I.
Although the deviation from the mean in each series is 
as much as 600A, the conclusion drawn is that the total 
layer thickness, “subject of course to considerable experi­
mental error,” is about 200A. Since this involves two 
interfaces, the layer thickness at one surface is taken as 
100A.
If now Students “/-test” for significance of differences 
between means of small populations, as described by 
Evans5 is applied to the above results, there is indicated 
approximately a 75 percent probability that the difference 
between the means of the two series in Table I is not 
significant, because of the wide variation within each series.
Using an interferometric. principle similar to that of. 
Eversole and Lahr and a more developed technique, details 
of which will be published later, the writer has found no 
evidence for the presence of these layers in water, methyl 
alcohol or toluene. Some of the results obtained are given
T a b l e  I.
Expt. ‘air A ‘water A
“Layer thickness” 
( ‘water —‘air) A
• 1 - 1 2 1 0 -8 7 0 330
2 -  950 -8 0 0 160
3 -  90 +140 230
4 -1 1 6 0 -8 4 0 320
5 -  350 - 2 2 0 130
Mean -  752 -  51s 23i
in Table II. (In the last column of this table, P  indicates 
the approximate probability of insignificance in the differ­
ence of the means, as determined by Students “/-test” .)
T a b l e  II.
Liquid Expt. ‘air A ‘liquid A ( ‘liquid — ‘air) A P
1 20 15 -  5
2 -  5 ■ 5; 10
Water 3 -  5 0 5
4 10 0  v - 1 0
5 0 5 5
Mean 4 5 1 98%
1 5 -  5 - 1 0
2 ' 25 -  5 - 3 0
Methyl 3 10 10 0
alcohol 4 - 1 0 0  ' 10
5 - 1 0 -  5 5
Mean 4 -  1 -  5 75%
1 - 1 0 - 1 0 0
2 0 -  5 -  5
Toluene 3 0 20 20
4 15 20 5
5 15 5 - 1 0
Mean 4 6 2 95%
A further investigation of the subject is in progress, 
using air bubbles against quartz after the manner of 
Derjaguin,® who reports the presence of thick interfacial 
films on glass and mica in water. In view of the recent 
work of Tolansky,7 any interferometric work on “smooth” 
mica cleavage planes must be viewed with suspicion, since 
variations in surface level of the order of several thousand 
angstroms may exist.
1 W. G. Eversole and P. H. Lahr, J. Chem. Phys. 9, 530 (1941).
2 E.g., A. von Buzagh, Colloid Systems (Technical Press Ltd., London, 
1937), pp. 153-4.
3 J. J. Bikerman, J. Chem. Phys. 9, 880 (1941).
* W. G, Eversole and P. H. Lahr, J. Chem. Phys. 9. 6 8 6  (1941).
6 U. R. Evans, Chem. Ind. 14, 106 (1945); see also L. H. C. Tippell, 
Methods of Statistics (Williams and Norgatt Ltd., London, 1941), 
pp. 112-3.
6 B. Derjaguin and M. Kussakov, Acta Physicochimica 10, 25 (1939); 
B. Derjaguin and M. Kussakov, Acta Physicochimica 10, 153 (1939).
. 7 E.g., S. Tolansky, Proc. Roy. Soc. A184, 41 (1945); S. Tolansky 
Proc. Roy. Soc. A184, 51 (1945).
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Eleetrokinetic Potentials of Small Particles 
by the Sedimentation Method
G. A . H . E l t o n  
Chemistry Department, Battersea Polytechnic, London, England 
(R eceived A ugust 13, 1951)
IT has been shown theoretically and experimentally1 that the rate of sedimentation of a suspension of fine particles in an 
ionic liquid is affected markedly by the eleetrokinetic potential at 
the particle/liquid interface due to the operation of an electro- 
viscous resistance to the motion of each particle through its asso­
ciated ionic double layer. For a dilute suspension of spherical 
particles of radius a in a uni-univalent electrolyte solution of ionic 
concentration n, the total apparent viscosity r?0 at temperature 
T is given by1
, 16nekTa3N . \
where 17 is the mechanical viscosity, e the dielectric constant of the 
solution, k the Boltzmann constant, N  the number of particles 
per cc, k the specific conductivity of the suspension, e the charge 
on the electron, and f  the eleetrokinetic potential of the particles. 
Observation of the rate of settling of particles in a given solution 
enables the calculation of the important quantity f  from Eq. (1) 
only if the particles are spherical.2’3 It is, however, possible, 
as shown below, to derive a corresponding equation for non- 
spherical particles, which should render fairly simple the determi­
nation of f  for any powder,3 provided that its surface area per 
gram is known or can be determined. The method of derivation 
given here closely follows that previously used.1
Consider a dilute suspension of uniform particles of any given 
shape, each of mass m and density P2, sedimenting in an electro­
lyte solution of density pi. If the particles carry a charge <r per 
unit area, a sedimentation potential gradient E is set up, given by
E = (AN<tu) / k, (2)
where A is the surface area of a single particle, and u is the velocity 
of sedimentation^ As a given particle falls, it is subjected to a 
viscous resistance Fu, where F is a factor depending on the shape 
a,nd size of the particle (equal to 6irrja for a sphere), and also to an 
electroviscous resistance EAar, as the particle with charge A ct 
moves against a potential gradient E. If the velocity of sedimenta­
tion in a concentrated electrolyte solution, where electroviscosity
is negligible, is Uo, we have
F u o = m ( l  — pi/p<i)g=Fu-\-EA<T. (3)
Hence from Eqs. (2) and (3)
9 _  F k(uq—u) _  mgnjup—u) (p2 — pi) . . .
, . a ~  A 2N u  ~  A 2N u u oP2 ' U
If M  is the mass of particles per cc of suspension, and Ao is the 
surface area per gram of powder, this reduces to
gx(Uo U) (p2 P i )
a  TFTl---------• WMAtfuuopi
Thus the charge per unit area on the particles may be obtained 
from measurements of sedimentation velocity. The eleetrokinetic 
potential is then obtained from the expression given by Verwey 
and Overbeek4
where z is the valency of the charge determining ion in the elec­
trolyte.
A specimen of powder suitable for use in sedimentation experi­
ments, and giving a sharp settling “meniscus” can generally be 
obtained fairly readily by fractional sedimentation. Calculations 
on the basis of Stokes’ law would appear to indicate a very narrow 
permissible tolerance in particle size, but the electroviscous 
effect itself helps to sharpen the meniscus, since particles slightly 
larger than average carry a proportionately larger charge, and 
when settling in the field of the suspension experience a greater 
electroviscous retardation than average. They therefore show less 
tendency to fall away from the meniscus than would otherwise be 
the case. A similar effect operates with particles smaller than the 
average.
1 G. A. H. Elton, Proc. Roy. Soc. (London) A197, 568 (1949).
2 F. G. Hirschler, Ph.D. thesis, University of London (1951).
3 Dulin, Elton, and Hirschler, to be published.
4 E. J. W. Verwey and J. Th. G. Overbeek, Theory of the Stability of Lyo- 
phobic Colloids (Elsevier Publishing Company, Inc., London, 1948).
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Adsorption from  B inary Solutions of Completely M iscible Liquids. Pari 
I I I  A  Surface A ctiv ity  Coefficients of Components Adsorbed from  
Perfect Solutions.
By G. A. H. E l t o n .
[Reprint O rd e r No. 5418.]
On the basis of the present theory of the surface tensions of binary perfect 
solutions, it  is shown th at the surface activ ity  coefficients of the com ponents 
adsorbed at the liqu id-air interface should vary linearly w ith  .bulk mole- 
fraction. E x isting  experim ental data are shown to  confirm th is view . The 
theory is extended to  include adsorption at the liquid-solid  interface w ith  
similar theoretical results, w hich aw ait experim ental investigation.
T h e  main experimental method for the study of adsorption at liquid-solid interfaces in 
binary solutions depends on the determination of the change in concentration which occurs 
when a known amount of a solution is equilibrated with a known area of adsorbent. It is 
then possible, subject to certain assumptions, to calculate surface mole-fraction isotherms 
from isotherms of concentration change (Part I *; Kipling and Tester, J., 1952, 4123). 
Two main types of surface mole-fraction isotherm are obtained : (a) the surface mole- 
fraction of one component may always be greater than or equal to its bulk mole fraction, 
i.e., complete preferential adsorption of this component may occur (Part II *); or (b) the 
surface mole-fraction of each component is greater than its bulk mole-fraction at low mole- 
fractions, and less than its bulk mole fraction at high mole-fractions, the net adsorption 
being zero at some intermediate mole fraction. The type of surface mole-fraction isotherm 
obtained in any given case depends on the energies of interaction of the adsorbed molecules 
with the surface of the adsorbent, and how these energies change with mole fraction. It is 
desirable that it should be possible ultimately to give a theoretical account of the observed 
surface mole-fraction isotherms, and to predict the forms of the isotherms in terms of 
other properties of adsorbates and adsorbent.
Adsorption at liquid-air interfaces is easier to study, as the extent of adsorption may 
be calculated from surface-tension data by using Gibbs’s adsorption equation. Also, 
theories of the structure of the surface zones at liquid-air interfaces have been developed 
(see, e.g., Guggenheim, “ Mixtures,” Oxford Univ. Press, 1952, pp. 166—182), based on 
various simplified models. We will consider first the simple theory of adsorption at a 
liquid-air interface, based on the quasi-crystalline model of the structure of the bulk 
solution and the surface zone, and then show how the theory can be modified to apply to 
adsorption at liquid-solid interfaces.
Adsorption at a Liquid-Air Interface : Quasi-crystalline Model of a Perfect Solution.— 
Gibbs’s adsorption equation leads, for an ideal binary liquid mixture at temperature T, 
to the expression (Guggenheim and Adam, Proc. Roy. Soc., 1933, A, 139, 218)
nvs _  fi'.s —  L  _ jy ._  — Q\
. . B ' xA A “  k T ' d In </>B k T ' d l n x B ’ ' { )
where nAs, nBs are the number of molecules of the components A and B respectively per cm.2 
in the surface zone; %&., xB are the bulk mole-fractions; y  is the surface tension; k  is the 
Boltzmann constant ; and fa  is the fugacity of B. Hence values of nBs — (xb/xa) ^  are 
obtainable directly from values of y  and Xb, and may be used as a convenient measure of 
the relative adsorption of B. (In order to obtain individual values of np, nBs, it is 
necessary to make some assumption concerning the total number of molecules in the 
surface zone: seep. .)
For the purpose of this analysis we will adopt the quasi-crystalline model of the liquid 
state (see, e.g., Guggenheim, op. cit., p. 16), and for simplicity, confine our attention to 
* Part I, / . ,  1951, 2958; Part II, J., 1952, 1955.
perfect solutions, which possess the same properties as ideal solutions (Fowler and 
Guggenheim, Statistical Thermodynamics/’ Cambridge Univ. Press, 1939, p. 353), with 
the further limitation that the two species have the same molecular dimensions. We 
assume that the molecules in the surface zone pack in the same way as in the bulk liquid, 
the only difference being in composition. Finally, we assume that the difference in 
composition from that of the bulk liquid is confined to a single layer of molecules, an 
assumption which is thermodynamically consistent with equation (1) (Defay and 
Prigogine, Trans. Faraday Soc., 1950, 46, 199).
Using the model defined in this way, we can relate the surface tension of such a solution 
to the surface tension of the pure components thus (Schuchowitzky, Acta Physicochem. 
U.R.S.S., 1944,19, 176; Belton and Evans, Trans. Faraday Soc., 1945, 41, 1; Guggenheim, 
ibid., p. 150) :
exp(—y/N skT) — xA exp(—yA°/NskT) +  xB exp (—yB°/NskT) . . (2)
where N s =  nAs +  nBs, and yA°, yB° are the surface tensions of the two pure components. 
Hence
y =  — N sk T h \  (xAifsA -j- xb^ b) • . . . . .  . (3)
where
pA =  exp(—yA°/NskT) and i/jb =  exp(—yB°/NskT)
Differentiating (3) with respect to xB, we obtain, for constant temperature
dy/ dl n^s  =  —N skTxB/(c +  %b) • • • • • • (4)
where
C =  -  *Aa) =  *{coth [(yA° -  y s0) /2NskT] -  1} . . .  (5)
Equations (1) and (4) then give :
nBs =  N sxb{c +  l)/(c +  %b); nAs =  N sxAc/(c +  xb) • . . . (6)
Xbs =  xb{c +  1)J{c +  Xb) ; xAs — xAc/{c A- %b) • • • • (7) ■
Hence, if f As, f Bs are the activity coefficients of A and B, respectively, in the surface layer, 
defined on the basis of standard states as follows :
/ B =  1 when xB =  1 ; / bs =  1 when xBs =  1 : f A =  l when xA — l ;  f As =  1 when xAs =  1 ; 
then we obtain
/ bs =  Xb/xbs =  (c +  Xb)J{c +  1); f As =  xAJxAs =  (c +  xB)/c . . . (8)
Hence, the surface activity coefficients will vary linearly with bulk mole fraction, and
dfBs/dxB =  l/(c +  1); dfAsjdxA =  — 1/c . . . .  . (9)
Some surface-tension data are available for binary liquid mixtures which obey Raoult’s 
law, show little or no change in heat content or volume on mixing, and have molecules of 
approximately equal size. We may test the theory given above by using equations (8) 
and (9) to calculate the theoretical variation of xAs, xBs, f A , f Bs with bulk mole fraction, 
and by comparing it with the “ experimental ” variation of these quantities, obtained from 
the observed surface tensions at different bulk mole fractions, using equation (1) together 
with the equation :
nAs +  nBs =  N s =  1/A a =  l /A B . . .. . . • (10)
where A k, A b are the areas occupied by single molecules of A and B in the surface. These 
values are calculated from the densities of the liquids, Emmett and Brunauer’s equation 
(J. Amer. Chem. Soc., 1937, 59, 1533) being used. ■ Comparison of values of f As, /bs 
obtained in the two ways is the more sensitive test of agreement (see below).
Fig. 1 shows graphs of f As, / bs for the system chlorobenzene (A)-bromobenzene (B) at 
20°, the points being calculated from smoothed surface-tension data (Kremann and
Meingast, Sitzungsber. K. Akad. Wiss. Wien, 1914, 123, 821), by use of A a =  A B =  
33-7 X 10-16 cm.2, while the broken lines are obtained from equation (8). Fig. 2 shows 
similar graphs for the system H20(A)-D20(B) at 25° (Jones and Ray, J. Chem. Physics, 
1937, 5, 505), A A =  A B =  10-5 X 10-16 cm.2 being used. I t is seen that in each case the 
points follow the calculated line quite closely.
The system benzene (A)-ethylene dichloride (B) a t 14° (Whatmough, Z. physikal. 
Chem., 1902, 39, 129) obeys Raoult’s law, but the areas of the molecules, calculated as 
described above, differ appreciably (Aa. =  30-3 X 10-16 cm.2; A s =28-0 X 10~16 cm.2). 
Kipling and Tester’s results (loc. cit.) lead to the values A a =  27-8 X 10~16 cm.2, A-q =
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24-4 x 10~16 cm.2. Each of these pairs of areas was used separately to calculate f As, / B' 
from the smoothed surface-tension data by using the equation
nAsA A +  n-BsA B =  1 . . . . . . . .  (11)
to obtain individual values of nAs and nB from equation (1). Fig. 3 shows the two sets 
of values for f As, f Bs obtained in this way, together with those obtained by using A a =  
A b =  26-1 x 1CT16 cm.2 (the mean of the latter pair of areas). There is little difference 
between the results obtained by use of the various assumed areas, but considerable 
deviations from the theoretical lines occur, the discrepancy for each component being 
greatest at small mole fractions. Although the system obeys Raoult’s law, there is a heat 
of mixing AH m =  —10 cal./mole, and also a volume change on mixing AFm =  +0-34% 
(Belton and Evans, loc. cit.), so we may conclude that an energy of interaction between the 
molecules exists, and the system is not strictly ideal. Deviations from the theoeretical 
lines are, of course, more obvious on graphs of /aA/b* against xB (as given in Fig. 3) than on 
graphs of xAs, xBs against xB (see Fig. 4, which gives surface mole-fraction isotherms for 
this system).
Deviations from the theoretical values of f As, f Bs are also found (see Fig. 5) for the 
system benzene (A)-chloroform (B) at 18-2° (Whatmough, loc. cit.). The molecular areas 
used in this calculation are (i) A a =  30-4 x 1Q“16 cm.2; A b =  24-1 X 10 16 cm.2, and
(ii) A a =  A b =  27-3 X KT16 cm .2 (the mean of the two areas). It is again seen that the 
surface activity coefficients obtained by using the different pairs of molecular areas agree 
fairly closely. Deviations from the theoretical lines again occur, and are again largest 
for each component at high mole fractions. Although the system follows Raoult s law 
closely, the heat of mixing is not zero and some association occurs (Barker and Smith, 
J. Chem. Physics, 1954, 22 , 375), so the system is not strictly ideal.
We may conclude from the study of these four systems that for binary liquid mixtures 
which fulfil the requirements of a perfect solution the surface activity coefficients at
liquid-air interfaces agree well with those predicted by equation (8). Surface activity 
coefficients for systems which obey Raoult’s law owing to a cancelling of two or more 
“ non-ideal ” factors may deviate considerably from those calculated from equation (8). 
In each of the two systems of this type considered here, the deviations occur in such a way 
that the surface activity coefficient for the component which is negatively adsorbed tends 
towards unity at low mole-fractions, instead of towards the higher value predicted for 
perfect solutions. Also the surface activity coefficient of the positively adsorbed com­
ponent is lower at low mole-fractions than predicted. That is, near each extreme of 
composition a greater degree of mixing occurs in the surface layer than that given by 
equation (7).
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Adsorption at a Liquid-Solid Interface.—The theory of adsorption at a liquid-solid 
interface is more complicated than for a liquid-air interface since, for a full treatment, 
specific properties of the solid (e.g., magnitude of lattice parameters, electronic nature of 
adsorption sites, etc.) must be considered. For a preliminary treatment, however, various 
assumptions will be made, which enable a fairly simple equation to be derived.
We adopt the quasi-crystalline model of a perfect solution, and again assume that the 
molecules in the surface zone (confined to a single layer of molecules) pack in the same way 
as in the bulk liquid. These assumptions were made in the treatment of the liquid-air 
interface; the additional assumption for the liquid-solid interface is that when the surface 
layer contains njA and nBs molecules of A and B respectively per cm.2, each molecule 
possesses an excess of energy Wa_s or wBs by virtue of its interaction with the solid surface. 
We may then formulate the grand partition function for 1 cm.2 of the surface layer (E4) 
thus :
w* =  I  N ‘ l (^a^a^X b#]/)V  exp (-W 'fkT ) (12)a'Bs «a ! nB
where the summation is for all values of xBs; XA and XB are the absolute activities of A 
and B ; qjp and qBs are the molecular partition functions per cm.2 of the surface layer, and
Ws =  njpwjd +  nBswBs =  N s[xbs(wb — Wa*) +  KA,S] • • • (13)
Using Stirling’s approximation for factorials, we obtain from equation (12) :
I  ( W ’A\ W ’‘B‘ -e x p (~ w ik T >
(14)
In order to evaluate E4' we replace the summation in equation (14) by its maximum term, 
and to determine the value of this it is necessary to make some assumption concerning the
variation of wAs and wBs with xBs. The simplest possible assumption is that wAs and wB* 
are independent of the composition of the surface layer. Differentiating the summation 
term, and using this assumption, we find that its maximum value occurs when
(15)
• (16)
(17)
where yx, yzx are the excess free energies per cm.2 of the surface layer, for the solution, 
pure A, and pure B, respectively (for analogous relations for a liquid-air interface, see, 
e.g., Guggenheim, op. cit., pp. 173—175). Hence from equations (16) and (17) we obtain
exip(—yx/NskT) — xa exp[— (yAx -j- N swAs)/NskT] +
xB exp[—(yBx +  N sWs;')/NskT] . . (18)
.". y x =  —N*kT In (x a <*a  +  x b ctb ) ...................................................... (19)
where
oA =  exp[— (yAr +  N swAs)/Nsk T ] ; oB =  exp[— (yBx -j- N swB) /NskT] . (20)
Differentiating equation (19) with respect to xs (at constant T), and combining the result
with equation (1), as for the liquid-air interface, we obtain
v  =  N SXB{K +  l)/(K  +  xB) ; «A* =  N SXAK/{K  +  xB) . . . .  (21)
where K  =  oA/(aB aA). At present, K  must be regarded as an empirical constant for 
a given solution and adsorbant. Also
xBs =  xb(K +  1 )/(K +  xB) ; xAs =  x±K/(K +  xB) . . .  (22)
and
/ b' =  (A  +  * b) / ( A + 1 ) ; 7 a' =  (K  +  * b) / A  . . . . (23)
Hence this simplified theory leads to the conclusion that for systems of the type 
considered the surface activity coefficients at the liquid-solid interface should vary linearly 
with bulk mole-fraction, and that complete preferential adsorption of A should occur if K  
is positive, and complete preferential adsorption of B if K  is negative, with no adsorption 
if K  is zero.
Few experimental measurements which can be used to calculate surface mole-fraction 
isotherms at liquid-solid interfaces are reported in the literature. Although many workers 
(for summary, see Kipling, Quart. Reviews, 1951, 5, 60) give isotherms of concentration 
change for binary liquid mixtures on equilibration with various solids, the surface areas 
of the latter are rarely given. Innes and Rowley [J. Phys. Chem., 1947, 51, 1172) give the 
necessary data for adsorption by charcoal from methanol-carbon tetrachloride mixtures 
at 25°, but the simple theory given above is not applicable to this system, as Raoult’s law 
is not obeyed, and the molecules are of widely different size. Kipling and Tester (loc. cit.) 
studied adsorption by charcoal from benzene (A)-ethylene dichloride (B) mixtures at 20°. 
This system followed Raoult’s law closely, and on the basis of a simple kinetic calculation 
Kipling and Tester deduced that complete preferential adsorption of benzene should be 
observed. This was not found to be the case, each component being preferentially 
adsorbed from solutions in which its mole-fraction was low. The considerations given 
above indicate why the deviation from Kipling and Tester’s prediction should occur. 
Although the system obeys Raoult’s law, it is not strictly an ideal solution (see p. ),
exv)(~wAsIkT) =  -B-:f exp(—wBQkT) =  xAs xAs 1
XA£a' exp(—wAs/kT) +  AB£B* exp(—wBs/kT)
Hence
S * =  e x p ( - w x*/kT)J  A e x p ( - ^ / / ^ T ) J  B =
[Xa^ a* exp(—w^JkT) +  XB2B* exp(—wBs/kT)]N*
Now
E's =  exp(—yxjk T ) ; rAqp =  xA exp(—yAx/Nsk T ) ; and
XBgB* =  XB exp(—yBx/NskT) .
and we have already noted that it does not obey the " perfect ” equations for adsorption 
at the liqnid-air interface. Fig. 6 shows the calculated values of the surface activity 
coefficients in this system at the liquid-solid interface, Kipling and Tester’s experimental 
results being used, with A± — A B — 26T X 10-16 cm.2. It is seen by comparison of 
Figs. 3 and 6 that replacement of the air phase by charcoal modifies the surface activity
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coefficients considerably. Each component when present at low mole-fractions has a 
higher surface activity coefficient at the liquid-solid than at the liquid-air interface. As 
the mole-fraction of either component is raised to high values, a decrease in the surface 
activity coefficient occurs, lower values being reached at the liquid-solid interface than at 
the liquid-air interface. At a bulk mole-fraction xB — 0-41, both surface activity 
coefficients are unity, and zero net adsorption occurs.
In order that the theory of adsorption from solution by solids can be developed, it is 
desirable that adsorption from perfect solutions should be studied experimentally, and 
surface activity coefficients obtained for comparison with equation (23). It is possible 
that equation (23) may not correctly represent the surface activity coefficients for 
adsorption by a given solid, even for liquid mixtures which may be considered perfect, 
owing to the fact that the assumption that wAs, wB are constants may not be valid for 
the system considered. For example, although there may be no net energy of interaction 
between the molecules of the two components in the bulk solution, their properties may be 
modified in the surface layer so that an energy of interaction depending on xBs might occur. 
Also, the energy of adsorption of a species may vary with xBs owing to the presence of 
adsorption sites of different energies. When experimental data are available, it may be 
possible to make allowance for such factors. For example, Halsey and Taylor (J. Chem. 
Phys., 1947, 15, 624; Halsey, ibid., 1948, 16, 931) showed that the Freundlich adsorption 
isotherm for gases could be derived theoretically by assuming an exponential distribution 
of energy among the adsorption sites. It does not, however, seem profitable at this stage 
to experiment with assumptions concerning the possible variation of wAs, wBs with xBs for 
the case of adsorption from solution.
B a t t e r s e a  P o l y t e c h n i c ,  S.W .ll. [Received, May 21th, 1954.]
P r i n t e d  in  G r e a t  B r it a in  b y  R ic h a r d  C l a y  a n d  C o m p a n y , L t d . ,
B u n g a y , S u f f o l k .
7 7 5
